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I. INTRODUCTION 
The weak interactions,^ which are responsible for P decay, 
\x decay, most hyperon decays, etc., are characterized as being 
very weak and very short ranged. The interactions do not 
conserve such quantum numbers as strangeness, charm, and 
isospin, as do the strong and electromagnetic interactions. 
In addition, the weak interactions do not conserve parity and 
charge conjugation separately, at least in the low-energy 
domain, meaning they distinguish between left- and right-
helicity particles. Only in the last decade have we started 
to gain a fundamental understanding of the weak force. 
The first picture of weak interactions was the Fermi 
2 
current-current theory. Weakly-interacting fermions coupled 
via a local interaction involving four particles, as shown in 
Figure 1.1. The interaction was characterized by a 
M 
V 
e 
Figure 1.1. Muon decay in the Fermi current-current theory 
2 
-5 -2 dimensional coupling constant, Gp = 1.17x10 GeV . The 
theory gave an adequate description of u and P decays. 
However, it had several fatal flaws. At high energies, the 
theory violated unitarity. That is, cross-sections grew 
larger than bounds set by the conservation of probability. If 
we consider some cross-section a, then on dimensional grounds 
we expect the high energy behavior to be 
2 
or 2£ constant x Gp s , (1.1) 
where s is the total center of mass energy square. But in 
every partial wave, the unitarity limit reads 
a - constant / s . (1.2) 
Unitarity violation occurs when energies are of the order 
•Ts = Gp"^''^. This meant that the theory was at best a low-
energy effective theory. In addition, the theory was not 
renormalizable. Physical quantities were approximated using a 
perturbation expansion; higher order terms of the expansion 
(quantum fluctuations) of the Fermi theory gave divergent 
expressions. The two difficulties of the Fermi theory are 
related to each other. Violation of unitarity makes the 
divergences appearing in the higher order terms 
uncontrollable. It is this unrenormalizability feature which 
sustained a continued search for an improvement of the Fermi 
theory and eventually led the electroweak theory to its 
present form. 
3 
Physical processes can be calculated from a theory by use 
of the framework known as quauntum field theory. This was 
vividly demonstrated with the success of Quantum 
Electrodynamics (QED) in the 1950s. Unfortunately, we can not 
solve a theory such as QED exactly. Rather, we make a 
perturbation expansion about some small parameter, such as the 
fine structure constant a. This procedure can be represented 
by the Feynman diagram notation. The first term in the 
expansion (the lowest-order, or tree-level, diagrams) can be 
used in a straightforward manner. The higher-order diagrams, 
representing the presence of quantum fluctuations, are 
expected to give corrections of order of powers of ot. 
Instead, these diagrams lead to divergent integrals. The 
procedure by which these divergences are consistently removed 
is known as renormalization. The systematic application of 
3 4 5 
renormalization in QED is due to Dyson, Tomonoga, Feynman, 
and SchwingerThe success of QED with renormalization is 
well-documented; its predictions have been verified to an 
9 7 incredible accuracy (approximately one part in 10 ). 
On the other hand, the Fermi current-current theory is 
non-renormalizable. This is due to the coupling constant Gp 
not being dimensionless. At high enough energy, we can not be 
content with the tree-level approximation. However, when we 
-lude higher-order diagrams, we are plagued by divergences. 
4 
These divergences can be removed, but at the expense of a 
growing number of arbitrary parameters. Thus, we have a lack 
of predictive power. In practice, nonrenormalizability makes 
computations impossible beyond the tree level. 
We would therefore like to transform the Fermi theory into 
a renormalizable field theory. A reasonable attempt, parallel 
to the formation of QED, would be to postulate an intermediate 
vector boson W which mediates the weak interaction. Then the 
four-fermion interaction would be a low-energy approximation 
to a finite-range interaction (Figure 1.2). Our theory now 
e 
Figure 1.2. Muon decay as mediated by an intermediate vector 
boson W 
resembles QED in that they are both mediated by the exchange 
of a vector particle. Unlike the photon, however, the W is 
5 
electrically charged, massive, and couples only to left-handed 
particles and right-handed antiparticles. The coupling of the 
W to fermions has a strength g. We assume the W to be very 
massive; the theory reduces to the Fermi theory at low 
energies provided 
where is the W-boson mass. 
Unfortunately, the theory is still not renormalizable. 
The tree-level approximation to a scattering amplitude such as 
vv -*• vv would be reduced by a factor of M^'^/s with respect to 
the Fermi amplitude, and thus would no longer be a problem. 
However, other amplitudes, such as vv W W , still have a bad 
behavior. Because the gauge bosons are massive, their 
propagators have a longitudinal component, which gives rise to 
the divergences. The problem is that, unlike QED, this is not 
a gauge theory. In QED, we could add a photon mass, which did 
not spoil the renormalizability. This results from the 
noninteraction of the longitudinal and transverse components 
of the propagator. But in this theory, the longitudinal and 
transverse parts do interact, and the theory is not 
renormalizable for an arbitrary H-coupling to matter fields. 
Thus, our theory is still incomplete. 
6 
g 
Throucrh the work of Yang and Mills, it seemed obvious 
that the solution was to use a non-abelian group for the local 
gauge symmetry. The non-abelian case differs from the abelian 
case in that the gauge fields carry the "charges" associated 
with the generators of the group. That is, while the photon 
is neutral (electric charge), the W will carry weak "charge" -
called weak isospin. A result of this is that there will be 
self-interactions among the gauge bosons. Such a theory will 
be renormalizable, with divergences being removed by the 
redefinition of a finite number of masses and coupling 
constants. Unfortunately, the addition of vector-meson mass 
terms to the Lagrangian would break the gauge invariance and 
lead to a nonrenormalizable theory. Hhile this is fine for 
the photon and QED, the weak bosons are not massless. Thus, 
it would seem to not fit into the gauge theory properly. 
The problem was solved in 1967-68 independently by 
Weinberg aund Salam, culminating a long line of work due to 
g 
many people. In 1957, Schwinger proposed a model with a 
triplet W~'^ of vector bosons, with the W® being identified 
with the photon. Bludman^^ started with a gauge group SU(2), 
and identified the neutral member as a new gauge boson, giving 
rise to a neutral weak current. The unification of the 
electromagnetic and weak forces was proposed in 1961 by 
Glashow^^ based on a SU(2)xU(l) gauge group. As yet the 
bosons were massless; it was still unknown how to insert mass 
12 1 ? terms. This problem was solved when Weinberg and Salam 
14 
suggested the use of the Higgs mechanism. They proposed 
starting with a massless theory involving a SU(2)xU(l) 
symmetry. The local gauge symmetry is then broken 
spontaneously, and the gauge bosons gain a mass. Through the 
work of 't Hooft,'t Hooft and Veltman,^^ and Lee and Zinn-
Justin,^^ it was proven that the Higgs mechanism maintains 
enough of the essence of the unbroken theory to render the 
broken theory renormalizable also. Quarks were included 
18 through the use of the GIM mechanism. Thus, we have a 
complete theory to describe weak and electromagnetic 
interactions - the Glashow-Weinberg-Salam Model, or Standard 
Model (SM). 
The SM has a SU(2)xU(l) gauge structure. He start with 
four massless gauge bosons. A scalar-boson weak-isospin 
doublet, consisting of two complex fields, is introduced. 
Spontaneous symmetry breaking (SSB) is activated by giving the 
neutral real field a non-zero vacuum expectation value (vev). 
(Only the neutral scalar field receives a vev to preserve 
charge conservation.) After SSB, we have three massive gauge 
bosons, one massless gauge boson, and one massive scalar 
boson. Three of the real scalar fields have become Goldstone 
bosons. They were "eaten" by the gauge bosons, giving rise to 
8 
the çrauge-boson masses. The total number of degrees of 
freedom, four, is preserved by the SSB. The three massive and 
one massless gauge bosons are of course identified as the W", 
the Z, and the photon A, respectively. The remaining physical 
scalar boson is called the Higgs boson. The theory remains 
renormalizable; we say the SSB was "soft". We note that the 
doublet is the simplest scalar field which will insure a 
proper mass structure for all particles in the theory. The 
SU(2)xU(l) gauge structure, together with this simplest Higgs 
sector, is known as the Minimal Standard Model (MSM). 
Up to the present time, all experimental evidence points 
to the SM as being the correct theory for electroweak 
19 interactions. The SM predicts the existence of neutral 
current weak interactions mediated by the Z boson; the 
discovery of neutral currents^^ in 1974 was a major success 
for the SM. Since that time many neutral current experiments 
have been performed. The results of these experiments have 
been in good agreement with each other, providing strong 
evidence for the SM. In 1983, the UAl^^ and UA2^^ experiments 
at the CERN SPS collider announced the discovery of the W and 
Z bosons, with masses close to those predicted. Thus, the SM 
is generally regarded as being the proper description of 
electroweak interactions. 
9 
Yet, there are still many unanswered questions. The non-
abelian nature of the gauge group gives rise to couplings 
between the gauge bosons, which have not been observed. The 
Higgs-boson mass is not determined by the theory, and the 
Higgs boson has not been discovered. The structure of the 
Higgs sector is not constrained by the gauge interaction; and 
it is generally felt that the dynamics of the SSB are not 
understood. The parity violation observed in the weak 
interactions is inserted by hand. Experimental measurements 
are not of sufficient accuracy to probe the higher-order 
corrections and renormalization structure. It is uncertain 
just how the SM will fit into a Grand Unified Theory (GUT) of 
strong, weak, and electromagnetic interactions, and whether it 
is an adequate description of electroweak interactions for 
energies above a few hundred GeV. Until these and other 
problems are solved, we cannot give full acceptance to the SM, 
and it has to be challenged continually. 
Therefore, we can ask if any other theories, while 
agreeing with the SM at low (present) energies, give different 
and presumably richer predictions for higher-energy phenomena. 
In particular, we would like to make an extension of the SM, 
keeping the basic idea yet allowing for more structure which 
will appear at higher energies. We find that the SM is not 
23 
unique; there are many such variations. Possible methods 
10 
include: 
24 1) extensions of the Higgs sector, 
25 2) extensions of the gauge sector, 
3) introduction of fermion-number—violating Majorana 
26 
mass terms for neutrinos, 
27 4) horizontal symmetries. 
This list is by no means exhaustive. 
The most straightforward way to extend the SM is to 
increase the number of Higgs bosons. The model described 
earlier had one scalar doublet, giving rise to one physical 
Higgs. The only reason to have just one doublet was economy; 
it is sufficient to activate the SSB. We can, however, 
consider a different Higgs structure. We can activate the SSB 
with a different Higgs multiplet, or we can add more Higgs 
multiplets (more doublets or other multiplets). There are 
some valid reasons for adding more Higgs representations. The 
nonzero vev of the neutral Higgs field gives rise to the 
gauge-boson masses. This vev also gives rise to the fermion 
masses, with the masses proportional to the vev times the 
Higgs-fermion coupling constant. Yet, the fermions vary in 
mass over a wide range of values (by about five orders of 
magnitude), while the W and Z bosons are of an even heavier 
mass scale. This can be accounted for by allowing the 
coupling constants to range widely. This is generally felt to 
11 
be unsatisfying. An alternative would be to add more Higgs 
multiplets with different vevs. Then, different vevs could 
give rise to different mass scales. The details of which vev 
gives rise to t^ich mass scale depend on the details of the 
Higgs potential and imposed symmetries. 
The simplest extension of the SM would be to add a second 
Higgs doublet. This 2-doublet model has five physical Higgs 
bosons - three neutral ones and a charged pair. We may expect 
the 2-doublet model to differ from the MSM in some non-trivial 
ways. A generalization of this model would be to have n 
doublets. With the n-doublet model there are 2n-l neutral 
Higgs bosons and n-1 charged pairs. 
We are somewhat constrained when we try to add other 
multiplets. We can define the rho parameter as 
where M^ and Mg are the W and Z masses and 8^ is the Weinberg 
angle, a free parameter of the theory. The p parameter is 
determinded by the weak-isospin structure of the Higgs 
multiplets. Given n multiplets, we find that 
P (1.4) 
M^^cos^e, 
n 
Z [ t.(t.+l)-t 
i=l ^ 1 (1.5) P 
2 
i=l ^i 
12 
where is the total weak isospin of the i^^ Higgs multiplet, 
t^^ is the third component of isospin for the neutral field of 
that multiplet, is the vev for that neutral, and the sum is 
over all multiplets. Thus, for a doublet, p = 1. One of the 
phenomenological successes of the MSM is that neutral current 
experiments have determined p ^ 1. This provides a constraint 
on the allowed Higgs sectors. For instance, a triplet (t = 1) 
with t^ = ±1 i^ill give p = 1/2. To maintain p = 1 as an exact 
identity we can only allow doublets (ignoring exotic cases 
with large isospin). However, the experimental constraint of 
p - 1 can still be satisfied if the vevs of the t ^ 1/2 
multiplets are small compared to the vevs of the doublets, or 
if the number of doublets is much larger than the number of 
other multiplets. For instance, a model with a doublet and a 
t^ = ±1 triplet will have 
1+2k^/V^ 
p = s—? , (1.6) 
1+4k /V 
where k and v are the vevs of the triplet and doublet, 
respectively. This expression is approximately one for 
K << V. We will require this to preserve the p - 1 relation. 
Another alternative to the SM is to extend the gauge boson 
sector. This is done by starting with a larger gauge group 
structure- Possibilities include the SU(2)xU(l)xG natural 
13 
models 28 SU(2)xU(l)xU(l) models 
30 ,TTW___ _V,_ 
29 
and SU(2)lXSU(2)j^xU(1)3_l  
left-right models. These models are characterized by a 
richer gauge-boson structure, with a set of one or more 
additional gauge bosons. These new bosons are generally more 
massive than the SM gauge bosons. Thus, the extended models 
reduce to the SM in the low-energy regime. 
An illustration of the richer structure of extended models 
is the anomalous magnetic moment a = (a -2)/2 of the muon.^^ M -y 
The calculation and measurement of a^ has been a cornerstone 
in the experimental verification of QED, and has the potential 
to provide an excellent testing ground for electroweak gauge 
theories. Experiments under consideration should allow the 
probing of the weak contibutions to a^ in the near future. A 
32 
calculation of these weak effects in the SM and in extended 
models^^ reveals that the extended models, while constrained 
to agree with the SM at low energies, differ significantly 
from the SM in their a^ predictions. For instance, the gauge-
boson contributions to a^ may vary by as much as 50% from the 
SM value. More interesting, but less certain, are 
contributions from the Higgs bosons. In certain scenarios, 
the Higgs-boson contribution can dominate the moment. Thus, a 
detailed analysis of Higgs-boson effects in models with a non-
minimal Higgs sector should be undertaken. 
14 
Such an extended Hiags sector will not upset the 
renormalizahilitv of the models. If we ignore the Higgs-
2 2 fermion couplings i which are proportional to m^ ), then at 
the tree level the Higgs particles are not involved in low-
energy processes such as muon decay and ve scattering. These 
models are presently indistinguishable from the SM as long as 
p - 1. This situation will be changing, however, with the 
next generation of accelerators. The SLC e e collider at 
Stanford,the TRISTAN collider in Japan, and the LEP 
collider in Europe,coupled with more precise calibration 
and analysis at CERN, should give us a very good determination 
of the W and Z masses within the next few years. We can use 
this to check the validity of radiative corrections in the SM 
and extended models, and to differentiate between extended 
models. 
In the SM, we csin calculate different numerical 
quantities. Comparison of these with low-energy experiments 
gives us predictions for the W and Z masses. When we include 
first-order corrections, however, we get different predictions 
for the masses. This difference is known as the mass shift. 
We expect this shift to be of order a (1%), the fine structure 
constant, as it is our perturbation-expansion parameter. A 
detailed calculation shows that the mass shift is actually of 
2 2 
order 5%, due to terms of the form ln(m^/Mj^). It is this 
15 
first-order-corrected value, or shifted value, which we expect 
to be the physical mass (except for terms of higher powers of 
a). 
Thus we would like to ask: what are the mass shifts in 
models with a more complex Higgs structure? There is hope 
they may be significantly different from the MSM values. For 
instance, in the MSM there are terms of the form 
M ^ -, -, 
ln(Mj^^/Mj^^) (for M^^^ >> Mj^^) , (1.7) 
where M^ is the Higgs-boson mass, in the percentage mass 
shift. Since the Higgs mass is not set in the theory and is 
only loosely bounded by other considerations, these terms may 
potentially be large. However, these terms are cancelled in 
the renormalization process. The leading Higgs-dependent term 
turns out to be 
ln(Mpj^/M^^) (for M^^^ >> M^^) , (1.8) 
which is not an important part of the shift. As we add more 
multiplets, we may speculate that some potentially large 
Higgs-dependent terms may survive. Thus, our goal is to 
calculate the Higgs-dependent portion of the W and Z mass 
shifts, looking for terms which may become dominant in the 
limit of large Higgs mass. Comparison to experimental values 
of the gauge-boson masses may enable us to differentiate 
16 
between models with different Higgs sectors, and possibly even 
offer limits on Higgs-boson masses. 
The plan of this paper is as follows. In Chapter II, we 
will review the SM in more detail, concentrating on the Higgs 
sector. We will also present the 2-doublet, n-doublet, and 
doublet-triplet models. In Chapter III, we will review the 
renormalization procedure. In Chapter IV, we show the 
renormalization of the MSM and compare renormalization 
schemes. We will calculate the Higgs-dependent parts of the 
mass shifts for the MSM and models with more complex Higgs 
structures, finding the potentially dominant terms, in Chapter 
V. We present our conclusions in Chapter VI. Some Feynman 
diagram integrals are calculated in Appendix A, and Appendix B 
has some needed large-mass expansions. 
17 
II. STANDARD AND EXTENDED ELECTROWEAK MODELS 
A. Introduction 
In this chapter, we will review in detail the minimal 
version of the Stemdard Model. We will excunine the Lagrangian 
and derive the Feynmam rules which enable us to calculate 
various quantities relating to the weak interactions. To do 
this, we assume the basic tools of quantum field theory^^ and 
37 the formalism of gauge theories. In addition, we will 
derive the Lagrangian and Feynman rules for standard models 
with extended Higgs sectors. We will consider the case of two 
doublets of Higgs fields, and generalize this to n doublets, 
where n is arbitrary. We will also consider the case of the 
triplet Higgs, with and without doublets. 
B. Minimal Standard Model Lagrangian 
The SM is based on the gauge group SU(2)xU(l). SU(2) is 
the group of 2x2 unitary matrices with determinant one. It 
has three generators, T^, i = 1, 2, 3. U(l) is the one-
dimensional unitary group, with generator Y. The generators 
of SU(2)xU(l) obey the commutation relations 
CT^/ri] = iE^iV 
(2.1) 
18 
CT^,Y3 = 0 , 
X n le 
where e - is the suiti-symmetric Levi-Civita tensor in three 
dimensions, which forms the structure constants of the SU(2) 
group. The gauge coupling constants for SU(2) and U(l) are 
denoted by g and g', respectively. The group generators have 
eigenvalues t, t^» and y, usually referred to as the weak 
isospin and weak hypercharge. We will denote multiplets by 
their quantum numbers (t,y). The third component of weak 
isospin and the weak hypercharge are related through the 
Gell-Mann-Nishijima formula, which in operator form is given 
by 
Q = T^ + Y/2 , (2.2) 
where Q is the charge operator. We introduce the gauge fields 
W i = 1, 2, 3, and B . The covariant derivative is then 
M M 
-* -* V 
B =3 - icr T.W - icr'- B . (2.3) 
M P - U " 2 ^ 
Here, we use T- to donote the weak isospin operators and their 
matrix representations. 
The weak interaction has been observed to violate parity 
(at least in the low-energy domain). That is, it 
differentiates between particles of left- and right-handed 
helicities. We can incorporate this parity violation into a 
gauge theory by putting the left- and right-handed fermions 
19 
into different representations. We define the helicity states 
by 
We assign the left-handed electrons and neutrinos to doublets 
of the group SU(2), and right-handed electrons to singlets: 
where e^ = and so on. The left-handed doublets have 
= -1, and the right-handed singlets have y2 = -2. The 
inclusion of a right-handed neutrino singlet will give rise to 
neutrino masses, if desired. For the moment, the only 
fermions we will consider are the electron and its associated 
neutrino. 
The Lagrangian may now be written down. One part contains 
the fermions and their interactions with the gauge bosons and 
the other contains gauge fields only. They are separately 
gauge invariant. 
(2.4) 
(2.5) 
R = e^ , 
Lj. = L - igï.iî^  - L 
( 2 . 6 )  
and 
20 
Lg = - Kv - Kv • <2.7) 
where 
®UV = ®>i®v " *\fp • 
Summation over repeated group indices is implied. Note that 
there are no bare mass terms. The possible fermion mass terms 
LL and RR vanish identically, while LR is gauge non-invariant. 
Gauge invariance also prohibits gauge-boson mass terms. At 
this stage we have a massless theory. 
We are now ready to activate the spontaneous symmetry 
breaking. We introduce a scalar doublet 
( 2 . 8 )  
with hypercharge y=+l. This is denoted as a (1/2,1) 
multiplet. The most general renormalizable, gauge invariant 
potential for $ is 
V($f$) = wfat* + x($f$)2 . (2.9) 
Since the energy of a physical system is bounded below, this 
requires that X > 0. However, one has a choice of the sign of 
2 2 |i . For w >0, the quadratic term of the potential is just a 
mass term and ja is the bare mass of $. The potential has a 
unique minimum at |$| =0. We say that the system is in the 
symmetry mode. For < 0, the quadratic term does not 
describe a mass term, and there is a continuum of minima at 
2 2 
I $ I = /2X. The vacuum is not unique, and therefore the 
breakdown of the gauge invariance of the vacuum is possible. 
In this circumstance, we say the system is in the spontaneous 
symmetry breakdown mode. This allows i to acquire a non-zero 
vacuum expectation value for the neutral component: 
<»> = ( ° ] • <-10> 
where 
1/2 
V = I - f I . (2.11) 
Note that <i> is one of the minima of the potential (2.9). We 
can require v to be real without loss of generality; a complex 
vev introduces a common phase to all components of the scalar 
fields, which does not enter the Lagrangian due to its 
hermiticity. 
We can see the physical consequences of this non-zero vev 
if we make the transformation 
$ -> 
($+i^+v)/Tz 
(2.12) 
where $ and $ are real neutral fields with vanishing vevs. 
Then, the Higgs-boson term of the Lacrranaian becomes 
22 
= I (3 - igT.W -ig'B)$l^ - (2.13) 
^ ^Mass ^KE ^Int Sz ' 
Mote that we have suppressed a u index on 3 and the gauge 
fields. We will use this notation throughout. There is now à 
mass term: 
+ g'^BB - 2gg'W^B] . (2.14) 
We introduce the charged fields 
W± = (Wi + iW2)/tZ . (2.15) 
As a field operator, W^(W ) annihilates a positive (negative) 
W boson and creates a negative (positive) W boson. The 
charged sector is in diagonal form; the neutral sector is not. 
The neutral sector mass matrix is proportional to 
2 g -gg 
-gg' g'^ 
(2.16) 
which has a zero determinant. This tells us that after 
diagonalization the neutral sector will contain a massless 
particle. We write 
Z° = (a'B - crW_)/Jg^+g'^ , 
- 3 -
(2.17) 
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A = (g'W3 + gB)/Jg^+g'^ . 
The mass terms of the Lagrangian become 
Inass ' : 
"m = 2^ • 
«Z = W • '2-181 
Mj = 0 . 
where 
gg = Jg^ + g'2 . (2.19) 
We introduce the Weinberg angle 6^^ as the angle of rotation 
between Wg and B. That is, 
tan = I' 
e = 99' (2.20) 
e = g'cose^ = gsine^ 
= sin^e^j . 
Note that 
= g^/cos^0^ . (2.21) 
24 
+ 
The W~, Z, and A represent the charged weak bosons, the 
neutral weak boson, and the photon respectively. The 
SD(2)xU(l) symmetry has been broken, leaving a residual U(l) 
symmetry describing the electromagnetic interaction. There is 
no mass term corresponding to the photon because it couples to 
the charge of the remaining symmetry, Q. The other terms in 
(2.13) are: 
( 2 . 2 2 )  
Ljnt = ^gv^'o*^) + c.c. + ^ gvZOil)) 
+ C^evW - ^ gggW + c.c. (2.23) 
+ |gw~Ci((|)a(t)'^ -<|)"*'a<i)) + + c.c. 
+ •^g^ZC ( t|)30) + i ( l-2Xjj) ( $ ) ] 
+ ieA( (J> 30 3(]> ) 
+ ( $$+$;))) + ^ g^ ZZ( $$+$1)») l_2„+„-
+ Ce^AA + eg2(l-2Xjj)AZ + ^ ^^ZZ + igVw"3(|)% 
= - V(@f$) 
25 
= - 2%^$* 
-  2 v x ( )  -  v X ( ) - v X ( $ $ $ )  ( 2 . 2 4 )  
- X($ $ - x($ <|)^tjnj)) ) 
- ^ X(TjnlwllT|l) - ( (|><t><t>(t)  - ^ X( r 
where c.c. denotes the complex conjugate of an expression. 
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The fields and i|) are the Nambu-Goldstone bosons of 
the and Z bosons. The Goldstone bosons are massless. They 
are unphysical particles and appear only with zero norm in the 
Hilbert space. They have been "eaten" to give masses to the 
gauge bosons, and are now associated with the longitudinal 
parts of the N and Z bosons. The remaining scalar field $ is 
the physical Higgs scalar. It has mass 
= J-2#2 . (2.25) 
However, the theory does not predict what the Higgs potential 
parameters \i and x are. Thus, the theory gives no prediction 
for what the Higgs mass should be. This reflects our lack of 
knowledge about the dynamics of SSB. We will consider 
constraints on the Higgs mass later. 
The scalars and leptons interact: 
Ljuk = - G^ [R($'^ L) + (Lî)R3 , (2.26) 
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where is known as the Yukawa coupling constant. This gives 
rise to fermion mass terms. Equation (2.26) becomes : 
G G G 
Lyuk = - — V ee - — ee<j) - i— e^=e$ 
f2 n n = 
(2.27) 
- ®rV" 
The electron has mass m„ = G v/f2. The electron couples to 
e e 
the Higgs particle with a strength of Gg/f2. The constant G^ 
is not determined by the theory. However, we know the fermion 
masses from other considerations. Then, by use of (2.19), we 
find the Higgs-fermion coupling to be of strength 
g m-
=• j3— . (2.28) 
As the known fermions all have m^ << M^, the Higgs-boson 
contributions to rates of fermion processes will be suppressed 
by a factor of (M^/Mj,)'^, n = 2 or larger. For the purposes of 
this work, we will ignore the Higgs-fermion couplings. 
We can also rewrite the Lagrangian pieces containing the 
fermion—gauge-boson interactions (2.6) and gauge-interaction 
terms (2.7) with the physical vector bosons given in (2.15) 
amd (2.17). Explicitly, the Lp piece becomes: 
Lp = ~ + c.c.l 
 ^ 2f2  ^
- § CtanGpg (2ijjY^ejj + + e^^^e^) 
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- cotejj - ^ v)3 2^ (2.29) 
- e ëy^e . 
The last term in equation (2.29) is the usual electromagnetic 
coupling to the field A^. We identify |e| with the electric 
charge of the electron (defined so e > 0). The first term in 
(2.29) is the charged weak current. We can relate this to the 
Fermi coupling of Chapter I provided: 
This interaction has a vector minus axial-vector (V-A) form. 
We also have a new interaction - a coupling of Z to a neutral, 
parity-violating weak current. This is the second term in 
equation (2.29). 
The extension to include the and t leptons and the 
quarks is straightforward. We put each charged lepton and its 
neutrino in a left-handed (1/2,-1) doublet and the right-
handed charged lepton in a (0,-2) singlet. The left-handed 
quarks go into (1/2,1/3) doublets, while the right-handed 
quarks go into (0,4/3) (for u, c, t) and (0,-2/3) (for d, s, 
b) singlets. In detail, these are 
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®R ' ht ' ' 
for the leptons, amd. 
( S O , .  I .  L .  
"R ' dj^  , Cp , Sp , tj^  , R^ ' 
for the quarks, where d', s', and b' are the Kobayashi-Maskawa 
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mixed states. We introduce the K-M matrix where the 
index I runs over the t^ = +1/2 states (i|i^ = ... ,Uj^,... ) 
and the index i runs over the tg = -1/2 states 
^^i ~ index n runs over all states 
(T|)^  = e,v,u,d,... ). Then, equation (2.29) becomes 
Lp, = 
+ ^  'Vu'" ^  + Vil®" *1%' 
+ W^ 'YC(—^  - 2QI|5^ | 
- ""i' • 
Note that each fermion has its own coupling to the Higgs 
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particle, (G^, G^, ...), and hence each is generated a 
different mass. 
The final step in developing the Lagrangian is to perform 
the canonical quantization. We denote the variaihle 
canonically conjugate to as However, we find that 
IIq^ vanishes. This means that the propagators of the gauge 
fields have no inverse smd hence are singular. Thus, it is 
impossible to make the covariant quantization consistently. 
This difficulty is removed if we break the local gauge 
invariance by adding a gauge-fixing term. The singularity 
disappears, and we can perform the quantization. It is 
convenient to work in a special class of gauges known as the 
40 Rç-gauges. Here, E, parameterizes the gauge, running from 0 
to 00. The quantization has two effects on the Lagrangian. 
First, we have added gauge-fixing terms. These terms will be 
dependent upon the gauge-parameter Ç. Second, four pairs (one 
for each gauge boson) of scalar fields which follow 
anticommutation relations are introduced. These are known as 
41 the Fadeev-Popov (FP) ghosts. The FP ghosts are unphysical 
and play only an algebraic role. In the general R^-gauge, we 
must consider contributions from the gauge-fixing terms and 
the FP ghosts. 
Physical quantities will be independent of the gauge we 
choose. Particular choices for E, include: the unitary gauge 
30 
( U-gauge ) , Ç -» G ; the Fevrman gauge, Ç 1 ; and the 
renormalization gauge, Ç -• «. The U-gauge is particularly 
meaningful, as it is the physical gauge. In the U-gauge, the 
unphysical particles - the Goldstone bosons and t|j and the 
FP ghosts - decouple from the physical particle. This 
property of the U-gauge can be seen from the following 
argument. The U-gauge can be obtained by queuntization after 
the SSB. Then, the W and Z are massive particles. The 
difficulties associated with the vanishing of the canonical 
momenta of the massless vector particles are absent, and the 
Goldstone bosons and the FP ghosts disappear. The only 
massless particle is the photon, and its ghost decouples from 
all physical particles due to the U(l) nature of its 
interactions with other particles. Thus, we only need to 
consider the physical particles, and can disregard the 
unphysical ones. The trade-off is a more complicated form for 
the gauge-boson propagators. He will work exclusively in the 
U-gauge. 
We summarize the Lagrangian as follows (in the U-gauge): 
L = Lg + Lp + LH + Lyuk ' 
+ i| (g'*^g^^-g'*\^^)CgC(3^Wg)W^Zg (2.33) 
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+ g'Co^w;)w;A5 + (a^w-)A^wJ + o^Apiw^w;)] 
- [IJ )w^ w" ( g\zg+g ' \Ag ) 
+ gg' (2g*V^-g*V^-g'*V^)W^WpA^Zg3 
+ I (g°'V^ -g'*V^ )w*wJw-Ws , 
where 
yv • etc-' 
Lp = 
+ ^  ' Vli'" ^  *1%' 
+ ^ '«n VVv 
(2.34) 
II -~Yc /q^Y 
+ f tV'^<-2^ - 2Qi fr] 1*1 
Lh = I 13^01^ + MH^<D0 
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+ W"*"W" +  ^ ZZ 
+ gM^ w'^w"^ + I g^Mg ZZ0 (2.35) 
+ i g^  W'^ 'W <|)$ +  ^gg ZZ$$ 
- VX$$$ - ^  X. $$$$ r 
Y^uk = -"n Vn - I Vn® ' '2-36) 
From this Lagrangian, using quantum field theory techniques, 
the Feynman rules can be found. We summarize the Fevnman 
rules in Figure 2.1. 
C. Phenomenology of the Standard Model 
As mentioned in (Chapter I, the SM has been in good 
agreement with experimental data. The theory has three 
fundamental parameters (aside from fermion and Higgs-boson 
masses) which we can take as G_, e, and 0^,. Two of these are 
r W 
well-known: Gp = 1.16637x10 ^ GeV ^ and e^ = 4ira = 4ir/137.036. 
Thus, a measurement of 8^ will determine all the predictions 
of our theory. 
The Weinberg angle has been measured in many neutral 
current experiments. The experiments have all been in good 
agreement and thus provide strong evidence for the SM. 
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q -Mh 
(a) 
Figure 2.1. Feynman rules for the minimal standard model: 
(a) propagators, (b) fermion—gauge-boson 
vertices, (c) fermion—Higgs-boson vertex, (d) 
gauge-boson trilinear vertices, (e) gauge-boson 
quartic vertices, (f) gauge-boson—Higgs-boson 
trilinear vertices, (g) gauge-boson—Higgs-boson 
quartic vertices, and Ch.) Higgs-boson trilinear 
and quartic vertices 
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n 
*4 
^>1 
(b) 
Figure 2.1. (Continued) 
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(c) 
%' 9 le[(p-p' )y9^ ;^ +'2q-Pl^ 9xM*'P' 
<. P' 
W-, p ^  
,q -igcose^c(p-p' )2q-p)\,g;,^+(p'-2q)^g^^] 
(d) 
Figure 2.1. (Continued) 
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(e) 
Figure 2.1. (Continued) 
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Ficrure 2.1. (Continued) 
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Amona the experiments are: 
1. Neutrino and antineutrino deep inelastic scattering 
from isosinglet targets. 
2. Neutrino and antineutrino deep inelastic scattering by 
protons. 
3. Elastic V p and v p scattering. 
4. Exclusive and inclusive ir production in neutral-current 
events. 
5. Neutrino disintegration of the deuteron: v^d-»v^np. 
6. Polarized-electron deuteron deep inelastic scattering. 
7. Forward-backward asymmetry in e e u . 
8. Elastic ve scattering. 
9. Production of W~ and Z bosons. 
In addition, the p parameter can be measured as the ratio of 
charged to neutral weak currents. A detailed analysis finds 
sin^e-j = 0.234 ± 0.013 ± (0.009) , (2-37) 
p = 1.002 ± 0-015 ± (0-011) - (2.38) 
From equations (2-18) and (2.30), the gauge-boson masses are 
(2.39) 
Mg = ^ = 88 GeV . 
cos 8^ 
39 
These quantities are obtained from the lowest order in the 
perturbation expansion; they will be modified by radiative 
corrections. We will consider this further in the next 
chapters. 
We saw before that the Higgs mass depends on the scalar-
potential parameter \x. Low-energy experiments, which involve 
fermions, give no predictions for the parameters of the 
potential. We can, however, find some bounds from theoretical 
43 
considerations. Llnde and Weinberg found that the staibility 
of the vacuum sets a lower bound of order 10 GeV on the 
44 physical Higgs boson mass. More recently, it has been shown 
that in models with additional multiplets, this limit applies 
to only the heaviest Higgs boson. An upper bound may be 
established by noting that the trilinear and quartic Higgs 
couplings are proportional to the Higgs mass. As the Higgs 
mass reaches a certain threshold, the couplings become large 
enough that perturbation theory breaks down and the Higgs 
sector becomes strongly interacting. This threshold has been 
45 
evaluated by a variety of means. Various estimates range 
from 125 GeV to 3 TeV. We will take about 1 TeV as the upper 
limit for the Higgs mass. Note that breakdown of perturbation 
theory above this limit does not necessarily invalidate the 
SM. While one might prefer a theory that is perturbatively 
40 
calculable, a strongly-interacting Higgs sector should give 
rise to some interesting phenomena. 
D. The 2-Doublet and n-Doublet Models 
In the MSM described above, one scalar doublet was 
introduced. The introduction of only one Higgs multiplet was 
for economical considerations; it was sufficient to activate 
the SSB and give masses to the gauge bosons. In view of the 
diverse mass scales of the leptons and quarks, there may well 
be more than one Higgs multiplet to achieve the SSB. The 
different vevs can give rise to different mass scales. In 
addition, other interesting phenomena, such as CP violation, 
can arise. Therefore, we would like to consider adding more 
and/or different Higgs multiplets to our theory. 
The most straightforward extension of the MSM would be to 
add a second doublet. We define 
The scalar contribution to the Lagrangian is then 
Ljj = + "A? • <2.41) 
where is the covariant derivative defined in eq. (2.3). 
Here is the general gauge-invariant potential. 
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corresponding to (2.24). In addition, we may need to impose 
symmetries on to prevent flavor-changing neutral currents. 
As the potential will involve unknown parameters, we will not 
specify L^ . 
We now activate the SSB. The doublets and $2 &re given 
vevs v^ and v^, respectively. Making the transformation 
(2.12) and rotating to the physical gauge bosons, we find 
(corresponding to eqs. (2.18) and (2.23)): 
^Mass = . (2.42) 
and 
4nt = + ^.c. + V2^^2^ 
+ ^ gW"(eA-ggZpqZ) (v^^^+v^*^^ + c.c. 
(2.43) 
+  ( )  +  ( $ ^ a $ 2 - 4 ) 2 ^ ^ 2 ^ ^  C ' C .  
+  ^ g Z C ( )  +( $ 2 3 # 2  ^ 2 ^ * 2 ^ ^  
+ iCeA+^2 ( l-2Xjg) Z3C ( )+( ^ ^  
-1- (|gVw'+|g2^ 2Z) ($i*i+4^ 4^ +$2*2+*2*2) 
+ Ce^ AA+eg2(l-2Xj,)A2+|g2^ ZZ+|g^ W'^ W'3((|>^ (J)]^ +(l)2(t)2) • 
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We see that 
"W = 2^ 
^ 
(2.44) 
where 
The combinations 
E,* = v_$* + v_$f 1^1 2^2 
Ç + V2*2 
(2.45) 
correspond to the Goldstone bosons that are eaten. The gauge-
boson—scalar-boson direct coupling terms 
^gW + c.c. + ^ ^23^2^+^23^1)2) (2.46) 
will then exist only for the Goldstone bosons. Thus, we make 
the rotations 
ç±.0 ^ 
H ±,0 I.: :i 
$2 ' 
4 • *2 
(2.47) 
where 
c = s = 
The Goldstone bosons Ç~, are eaten, while the H , H° are 
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physical Higgs particles. In addition, we have neutral Higgs 
particles 0^ and In general, these will not be mass 
eigenstates; we have to diagonalize them to obtain the 
physical particle states, similar to (2.47). However, the 
rotation arising from the diagonalization will have no 
consequence for our purposes (it merely redefines the angles c 
and 5, ^ ich are unknown anyway), and hence we will not bother 
with it. We will treat and as if they were the actual 
mass eigenstates. 
Our scalar-boson—gauge-boson interaction Lagrangian for 
the physical particles is then 
( c*]^ +s$2 ) + ^ 2:^ 2Z( c^ ^^ +s^ j) 
+ ^ ~[s(H+a$i-*^ aH'*')-c(H'*'a$2-*23H*) 
+i(H+8H°-H°BH+)] + c.c. (2.48) 
+ ig^ZCs (H° ) -c ( ) 
+ i(l-2Xjj) (H"aH''"-H'''aH")3 
+ ieA(H"aH''"- H"^aH") 
+ (|gVw~+ ig^^ZZ) (<D^(D^+(t>2<D2+"°"°^ 
+ [e^AA+eg2( 1-2x^^+^2^(1-2%^) ^ZZ+^^W'^W'^H'^H". 
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The gauge-boson—scalar-boson vertices and coupling strengths 
are given in Figure 2.2. We have used a condensed notation; 
2 for instance, the ZZ$2$2 coupling has strength l/2gg , while 
the coupling has strength l/Zg^^Cl-Zz^)^. Note that 
the coupling strengths, not the vertex factors, are given. 
That is, we have left off Lorentz and momentum factors, and 
factors of i which come from expanding the Lagrangian. 
We may extend this process for n doublets in the same 
msmner. The Lagrangian is 
with obvious notation. Again is the potential term. The 
mass terms are 
Lnass = i 9^ (Z Vj) W'^W" + | g| (Z Vj) Z Z (2.50) 
giving 
"w = ' 
(2.51) 
"z = hz" • 
where 
2 V  = Z v ^  . 
The summations go from 1 to n. The gauge-boson—scalar-boson 
direct terms are 
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Figure 2.2. Couplings and strengths for the 2-doublet model 
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^Za(Zv.il).) + Cifw"a(Zv.0;t) + c.c.3 . (2.52) 
^ ^ J J 
Thus, we define the Goldstone bosons as 
(2.53) 
(2.54) 
5° = • 
+ 1 + 
. 
Me make a general unitary rotation on the charged and 
imaginary neutral components: 
4 = l'île "s ' 
' I 'ik < • 
or 
4 = : <3 4 • 
"G = : vlj -
+ 0 
The physical particles are , K^, j = 1 to n-1, while the 
Goldstone bosons are There are also n 
physical particles from the real components, which we can 
rotate to the mass eigenstates: 
= : ?1k «2 - '2-56' 
(2.55) 
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Note that since all the vevs are assumed real to preserve CP, 
the unitary matrices U, V, and T are real. 
With these rotations, the interaction Lagrangian becomes 
Lint ' 
+ i3w"2Z(ET^.jçUj3^)($j3Hj-H^a<t)°) + c.c. 
Icl i 
(2.57) 
JCJ. 3 
+ iCeA - •|g2(l-2Xpj)Z3 ZCHTsH) 
+ Ce^AA+eg^l 1-2%^)AZ+^2^ ( 1-2%^) ^ ZZ+^. 
The summations are from 1 to n-1 for H~ and H°, and from 1 to 
n for 0°. The relevant vertices and coupling strengths are 
given in Ficrure 2.3. 
E. Triplet and Doublet-Triplet Models 
The next extension of the Kiggs sector would be to 
consider a multiplet other than a doublet. Thus, we consider 
models with a scalar triplet. We have an additional 
motivation that a triplet may generate Maiorana masses for the 
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Figure 2.3. Couplings and strengths for the n-doublet model 
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neutrinos. As pointed out in Chapter I, these models will 
have p f 1; the experimental value p - 1 puts strong 
constraints on the triplet representations. Nonetheless, they 
are informative both as unrealistic and realistic models. 
The first triplet we consider is the (1,2)-triplet: 
A(l,2) = 
S' 
(2.58) 
The Higgs contribution to the Lagrangian is: 
h, = + tv • 
Inserting (2.40) and making the transformation 
S° -> (5+ix+K)/4T , 
(2.59) 
(2 .60 )  
where k is the vev of S and S and x are real fields with zero 
vev, we find: 
giving 
Mpq = gK/fl , 
(2.61) 
"z = fz* ( 2 . 6 2 )  
1 
P = 2 • 
+ + 
The fields S , x are eaten to give the W , Z masses. The 
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remaining fields 8 , S are physical Higgs particles. The 
interaction Lagrangian is 
= J2gMjjW'^W"S + g^M^ZZS + CgMjjW"w"s"^ + c.c.3 
+ iC2eA+g2(l-2Xjj)Z3(S~"3S'^-S'^as'") 
(2.63) 
+ ^ vw"ss + ^ „^zzs5 + + c.c.] 
/z. f2' 
+ C4e^AA+4eg2(l-2Xj^)AZ+g2^(l-2Xpj)^ZZ+g^W'^W"3S'^S"~ . 
The couplings for the (1,2)-triplet model are summarized in 
Figure 2.4. We emphasize that this triplet is not a realistic 
model because of the gauge-boson mass ratio, but is 
nonetheless an informative model. 
A more realistic model is the doublet-triplet model. The 
Higgs contribution to the Lagrangian is 
= |D^$|2 + |D^A|2 + . (2.64) 
Insertion of (2.10) and (2.30) gives 
^Mass = • '2-S5, 
and 
"w = 2 ' 
Mg = ^ JV^+4K^ , (2.66) 
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Figure 2.4. Couplings and strengths for the {l,2)-triplet 
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1+2K^/V^ 
^ 1+4K^/V^ 
Thus, asv>>K, p^l. 
The gauge boson-scalar terms are 
igW 3+ c.c. + g^ZB(Kx+^i|)) , (2.67) 
so the Goldstone bosons are 
ET = (JTkS- + V<|>-)/JV^+2K^ , 
(2 .68 )  
= (2kx + vt|))/jv^+4k^ . 
We have physical Higgs particles H~ and H° (the fields 
orthogonal to (2.68)), S"~, and S°. The interaction 
Lagraingian for the physical particles is 
= gVM"(KS°+|<J>°) + g2^ZZ(K8°+|<t)°) 
K _ K (2.69) 
- gg_—otZW H + g —M W S + c.c. 
n 
+ i^"[ p ( $ ° ° ) - f2a ( 6 ° 8 ° ) ] + c.c. 
+ ^ "(2J2PP'+4Taa')(H°3H"^-H'^aH°) + c.c. 
- igW"a(H~3S'^'^-S'^'^aH") + c.c. 
+ i^zc ( 28^-2%^) (H'aH'^-H'^aK" ) +2 ( 1-2%^) ( s"~as'^-s"^a5"~ ) ] 
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+ ggZCp' ((l>°aH°-H°3(|)°)-a' (S°aH°-H°aS°)3 
+ ieAC ( H"aH'^-H'^aH" ) +2 ( s""as'^-s"^as"~ ) 
+ g^'''w"CS"'^S""+^S°S°+^°(J)°+(|a' ^+3' ^)H°H°+( 2a^+p^ 
+ g2^ZZC(l-2Xj,)^S'^S""+|s°S°+|<{»°<D°+(^'^+ip'^)H°H° 
+ e^AACH'^H"+4S'^'^S""3 
+ eg2AZC4(l-2Xjj)S'^S""+(2p^-2Xjj)H'^H"3 
+ 3-w"W"s"*^(S°+ia'H°) + c.c. 
f2 
+ gH'CCeA-ggZpqZ) (^3H'^((J)°-2ip'H°)-^^^aH'^(S°+ia'H°) ) 
- (3eA+g2(l-3Xjj)Z)S'^aH"+g2Z^'^|aH"^(S°+ia'^H°)3 + c.c. , 
t^ere 
V,K  
a,p = • , 
V , K  
a',P' = _ . 
J^W 
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The couplings and strengths for the doublet—(1,2)-triplet 
model are summarized in Figure 2.5. 
There is also another kind of triplet allowed. The (1,0) 
triplet, or real triplet, is 
.+ 
(2.70) A(1,0) = 
G 
S° 
S" 
We will take the triplet to be self-conjugate. This implies 
that S° is a real field. Note we only have three degrees of 
freedom. As there is no neutral imaginary field, the Z boson 
will not gain a mass from the symmetry breaking. The mass 
term is 
(2.71) 
and 
Mj, = gK , 
"z = 0 ' (2.72) 
p 00 . 
The Goldstone bosons S~ are eaten to give the W mass. The 
remaining physical Higgs is the S . 
Ljnt = 2gïyî'^W"S° + gVw"S°S° 
The interaction terms are 
(2.73) 
The couplings are given in Figure 2.6. 
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Figure 2.5. Couplings and strengths for the doublet—(1,2)-
triplet model 
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Figure 2.5. (Continued) 
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Fiaure 2.5. (Continued) 
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Figure 2.6. Couplings and strengths for the (1,0)-triplet 
model 
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We can also combine the (1,0)-triplet with a doublet. 
Then, from (2.64) with (2.70), we get 
^Mass ^ ^ ^(v^+4k^)W"^W" + IggV^ZZ , (2.74) 
and 
Mjj = |gJv^+4K^ , 
"Z = ' (2.75) 
p = l+^k^/v^ . 
The gauge-boson—scalar-boson terms are 
igW"a(^''"-KS"'') + c.c. + g2Za(|ij)) . (2.76) 
The Goldstone bosons are 
+ ^ + + Ç- = -—22^ (v$--2KS-) , 
\v^+4:K^ 
(2.77) 
5° = * . 
These are eaten to give the gauge-boson masses. The remaining 
scalar fields (J>°, S°, and H~ (the combination orthogonal to 
(2.77)) are the physical Higgs particles. The interaction 
Lagrangian is 
^Int = gMj^'^W~(c(t)°+2sS°) + - g^M^scZ() 
+ igW~Cs((D°aH'^-H'^3(t)°)-2c(S°aH'^-H'^aS°)3 + c.c. 
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(2.78) 
+ Ce^AA+eg^AZ ( c^+l-2z^) -i^g^ZZ ( l-4Xp^+4Xj^^+3c^-4c^Xj^) 
+ |gVw"(l+c^)3h"*"h" - ^ ^c^(wVh~h" + c.c.) 
+ egA(H'^W"+H"w'^){|4i°-cS°) 
- gg2Z(H"w"^+HV)(Zjj|(|>°+(l-Xjj)cS°) , 
where 
V 
c = —' 
Jv^+4K^ 
(2.79) 
2K 
s = - . 
Jv^+4K^ 
The couplings are shown in Figure 2.7. 
We may now use the Lagrangiems and Feynman rules to 
calculate physical quantities for these models. 
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Figure 2.7. Couplings and strengths for the doublet—(1,0)-
triplet model 
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Figure 2.7. (Continued) 
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III. THE RENORMALIZATION PROCESS 
A. Introduction 
Quantum field theory has given us the ability to derive 
physical quantities from a theory. We can derive the Feynmain 
rules, which are a prescription for doing calculations. 
Unfortunately, quantum field theories are highly non-linear. 
Since their formulation several decades ago, only free-field 
theories have been found to have exact closed-form solutions. 
The solutions to interacting field theories have escaped us so 
far. Therefore, we have to use approximation methods, i.e., 
perturbation, to find solutions. We expand in powers of some 
parameter, such as a coupling constant. A proper choice for 
the expansion parameter results in a convergent series, and we 
can make a meaningful approximation by taking a finite number 
of terms of the series. 
For QED and the SM, we take the perturbation expansion 
parameter to be the fine structure constant, a. The lowest-
order, or tree-level, approximation is straightforward and cam 
be used to give meaningful predictions. This, however, is not 
sufficient. At some point, we must do higher-order 
calculations. First, the tree level is only an approximation. 
When experiments can be done with sufficient accuracy or at 
high enough interaction energies, we will need to take higher-
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order terms of the expansion into account. More importantly, 
the higher-order terms give a test of the consistency of the 
theory, as they represent quantum fluctuations which are 
present in a quantum theory. Only if a theory allows 
calculation of the higher-order terms can it be regarded as a 
fundamental theory. 
Thus, we deem it necessary to evaluate higher-order 
diagrams. This appears to be a straightforward task. It 
turns out to be highly non-trivial, however. Divergent 
expressions arise when the higher-order diagreims are 
evaluated. The renormalization program is the procedure by 
fdiich these divergences are removed in a systematic memner, 
and meaningful quantities are obtained. The renormalization 
program consists of two steps: regularization and 
renormalization. The regularization is to define the 
divergent integrals in terms of finite ones; the 
renormalization is a procedure to eliminate all the 
potentially divergent quantities. The renormalization process 
is successful if finite quantities result. 
As an example of divergences in higher-order amplitudes, 
we consider the QED process e^e -* . The tree-level and 
first-order-correction diagrams are given in Figure 3.1. The 
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(a) 
(c) 
(d) 
(e) 
(b) 
)x( )z( 
Figure 3.1. Diagrams for the QED process e e u u 
lowest-order matrix amplitude, from diagram a. is 
= e( iev^)e(—^)ij( ieY^)U • (3.1) 
Here, the spinors are represented by their symbols, e and y. 
We can consider a vertex correction, like diagram c. Using 
the momentum and Lorentz index notation shown in Figure 3.2, 
Figure 3.2. Momentum and index notation for vertex correction 
diacrram 
the contribution from this diacrram is 
,(1) d'^k 
e(iey^l 
*_+k+m 
(P2+k) -m 
(iey^) 
p^-K+m ' 
U p ,  
(3.2) 
'cr ^ 
-pg  ( iev°^)e 
'cr "i 
-uv l i(ie-Y )\x .  
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Here, Je is the loop momentum, and ^ The k integration 
is over all of 4-dimensional space-time. We note that the 
2 denominators of the fermion propagators look like k ± 2k.p as 
the external electron goes on-mass-shell. As k -» «, the 
integral goes like 
/d^k k~^ = /dk k^-><» (as k . (3.3) 
This is known as an ultraviolet (UV) divergence. As k 0, 
the integration also goes like 
;d*k k"^ = /dk k~^ » (as k -»• 0) . (3.4) 
This is the infrared (IR) divergence. For this diagram, both 
types of divergences are logarithmic. We note that, in Figure 
3.1, diagrams b, c, and d have UV divergences, while diagrams 
c, d, and e have IR divergences. 
B. Régularisation 
The first step in the renormalization process is 
régularisation. Régularisation is the procedure by which the 
divergent integral is given meaning, such as the limit of a 
certain function. The divergence can then be handled in a 
consistent and mathematically meaningful way. 
There are several régularisation methods available. The 
A Q  
Pauli-Villars method met with much success in OED. A 
massive spinor field is added to the theory. The theory is 
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then characterized by the mass M. The divergences manifest 
themselves as functions of M which are finite for finite M. 
In the end, we must take the limit M -> », and the spinor 
decouples from the real particles. 
Another régularisation method has gained enormous 
popularity since its introduction in the early 1970s. This is 
49 the dimensional régularisation method. Both UV and IR 
divergences can be taken care of using dimensional 
régularisation. The idea behind the method is the observation 
that the divergent Feynman integrals would be convergent in a 
smaller dimension. Thus, we compute the integrals in an 
arbitrary dimension n, and analytically continue it back to 
the physical space-time dimension n = 4. The divergences 
manifest themselves as poles at integer values of n. We want 
the physical limit n 4, so we look at the poles there. That 
is, our loop integrals become 
- l i m  
(2w)4 n-^ 
(3.5) 
(2ir)" 
The procedure then is this: we make the substitution (3.5) to 
n-dimensional space. Quantities are calculated, and in the 
end we take the limit n -» 4. Our final quantities must not 
have poles at n = 4, or they could not correspond to physical 
quantities. We will find how to remove these poles later. 
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A handy tool to use in dimensional regularization is the 
Feynmem parameterization. Using identities, we are able to 
combine denominational factors. For instance, 
^ = /Jdx CAx + B(l-%)]"2 . (3.6) 
Other identities are given in Table 3.1. The quantities 
A, B, ..., will be denominators of propagators. This enables 
us to write our loop integrals in the form 
d\ 1, kyky' 
(2,)4 Ck2-2k.p-QV • 
We now go to n-space, where the integrals are finite and can 
be performed. For instance, 
Ck2-2k.p-Q2]* ° '3-*' 
where e = (n-4)/2. Other integrals are given in Table 3.2. 
The r(x) in equation (3.8) is the gamma function. This is 
where the divergence is at. We can expand the gajnma function: 
lim r( e )  =  ^  -  Y , (3.9) 
e-*0 ^ 
where y = 0.577251... is Euler's constant. The divergence 
shows up explicitly as a pole at e = 0. We also observe that 
(3.8) is no longer dimensionally correct. Thus, we include a 
multiplicitive factor of 
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Table 3.1. Feynman identities for use in combining 
denominator factors 
^ = ;Jdx CAx + B(l-z)]"2 
ÂSC " fgZy dy £CAx + B(l-x)3y + C(l-y)3"^ 
MCD = dz (€CAx + B(l-%)]y 
+ CCl-y)3z + D(l-z))~^ 
ÂESm ' dy dz d» 
[({[Ax + B(l-x)]y + C(l-y)}z + D(l-z))w + E(l-w)]"^ 
etc. 
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Taile 3.2. Feynman integral formulae in the dimensional 
recrularization scheme (e = (n-4)/2) 
/d"k —= = (-l)*i?2 r(a-2+e) 
(k^-Zk.p-Q^)* r(a) ^p2^g2ja-2+e 
(kZ-zk^p-g:,"- ' 
fd^y. — — = —  = (-l) * i i r ^ C -  r(»-3+E) — 
()c^-2k.p-Q^)'* 2r(a) (p2^Q2^a-3+e 
r(a-2+e) Py 
r(*) (p2+Q2)0L-2+e-
-,n. _ , Ti<*,-^2p r(a-3+e) ^ u*^v\''"^v^ux''"^x^uv 
<k^-2k.p-Q2,« - ,p2,g2,a-3+e 
. r(a-2+e) ^u^yPx , 
rt") (p2+Q2)*-2+: 
etc. 
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(4iry^)^ , (3.10) 
where u is some arbitrary parameter with dimension of mass, on 
the right-hsind side. We then can expand the right-hand side 
of (3.8) using (3.9); we have things like 
( 4irvi ) , 2 2 2 
r(e) —=—x-T- = T - Y + ln(4ir) - ln[*^/(p^+0^)] . (3.11) 
(pW) 
We emphasize that regularization is a procedure by which we 
can manipulate the divergences. The divergences are still 
present when we take the e -• 0 limit, in the 1/e term. On the 
other hand, the regularization procedure is an integral part 
of a theory; without it the renormalization process is 
meaningless. 
C. Infrared Divergences 
Consider the QED process e e ^ ^  (Figure 3.1) again. 
Diagrams of the type b, d, and e exhibit IR divergences as the 
loop integral variable k 0. Now the cross-section is the 
amplitude squared: 
^eV-niV " ... |2 , (3.12) 
where = lowest-order diagrams, = first-order 
corrections, etc. Then, using diagram notation, our cross-
section of order is 
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_a 
(3.13) 
+ ... 
which has IR divergent pieces, from section A, 
(3.14) 
Now the physical (measured) cross-section is actually 
^PHYS = ^eW^" " Ve"-niVY(soft) ' (3.15) 
where y is a soft (low-energy) photon. That is, all detectors 
have a finite energy resolutions, say AE. Photons which have 
an energy less than AE can not be detected. Hence, what is 
really a soft-photon process is being interpreted as an 
elastic process, and we must include the soft-photon 
contribution thru eq. (3.15). 
The lowest-order diagrams for the inelastic process 
e% y are given in Figure 3.3. To order a^, the cross-
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Figure 3.3. Diagrams for the QED process e*e~ -»ii% y 
section is given hy 
soft 
(3.16) 
>2 
which has divergences as Jc 0 also. Hhen we calculate the 
physical cross-section, eq. (3.15), we find that the 
divergences from 
cancel the divergences from 
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/ 
v 
This should not amaze us. We can think of it in the following 
way. The incoming electron emits a photon. In the IR limit, 
we don't know if the photon escapes or is reahsorped. Mhen we 
include both, there is no divergence. Likewise, divergences 
from 
/ 
\ 
cancel the divergences from 
v 
the divergences from 
cancel the divergences from 
\ 
and so on. 
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The infrared divergence is, in fact, a divergence 
appearing in degenerate perturbation theory. The inclusion of 
soft photons is to take into account the degenerate states. 
In the limit of zero photon energy, the processes e e e e 
and e^e~ -» e% (ny) (n = 1, ...) are degenerate. Artificially 
breaking the problem into two-body and three-body problems led 
to the divergences. 
In the physical cross-section, (3.15), all the divergent 
pieces have canceled. However, has some non-divergent 
pieces left. These pieces will contribute to our final 
answer. There will be a cut-off energy 6E dependence in this 
contribution, where AE defines what we mean by a soft photon. 
The actual value for AE is detector-dependent. 
The extension of the above analysis to electroweak models 
is straightforward. We have no problem with Z or W radiation, 
as they are massive. Thus, there is no IR divergence 
difficulty associated with the W or Z. The only corrections 
involving the IR divergences are the electromagnetic 
corrections. 
Experimental results for low-energy processes are 
generally reported with electromagnetic radiative effects 
removed. The reasons for this are both traditional, relating 
to the Fermi current-current theory, and practical, as the 
corrections are detector-dependent. That is, the measured 
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data are meaninqful only after the detector effects have been 
eliminated. Our input data have been corrected for the IR 
divergences, and we need not consider the contributions from 
the soft-photon cross-sections. 
D. Ultraviolet Divergences 
We now consider the renormalization process, by which we 
are able to remove the UV divergences. We assume a suitable 
régularisation scheme. Section B, has been used to make the 
divergent quantities meaningful. We now need to remove the 
divergences to get finite quantities. 
Consider a theory with one free parameter g. By a free 
parameter we mean that g is not fixed by the theory. We can 
calculate a physical process (as a function of g) and compare 
to experiments to evaluate g. The predictive power of the 
theory is that it is the same g for any process we evaluate. 
If we evaluate n processes, then we have n-1 predictions, 
which can be used to test the theory. 
An important point is that g does not necessarily have any 
physical significance. If we like, we can transform to 
another parameter 
g' = f(g) . (3.17) 
The physical quantities we calculate may now look quite 
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different, but they contain the same information. The physics 
is the same. 
This is what we do in the renormalization process. He 
calculate quantities in terms of our (bare) parameter g^. At 
the tree level, we may give g^ some physical meaning by 
associating it with some measurement. But when we calculate 
the, first-order corrections, we get divergences. However, we 
can make a transformation, as in (3.17), to another parameter 
g. This rescaling introduces renormalization constants. The 
divergent terms can be absorbed into these constants, leaving 
a theory, based on the parameter g, vkilch. gives finite 
predictions. Renormalization is the procedure of consistently 
rearranging terms in such a way that only finite terms are 
associated with physical quantities. 
It is now g which we give physical meaning by associating 
it with some measurement. In general, g^ will not have 
physical significance, and will dependend upon our 
regularization scheme parameters. However, if our 
perturbation expansion makes sense, g will differ from the 
lowest-order g^ by terms the size of the expansion parameter. 
We illustrate this with an example from QED. Let us 
consider the photon inverse propogator, 
(-q^g^^+q^q^)Cl+ir(q^)3 , (3.18) 
2 
where ir(q ) is the self-energy. Figure 3.4. Ehraluation of the 
/ 
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Figure 3.4. QED photon self-energy diagram 
loop diagram shown, using the dimensional regularization tools 
from above, gives 
ir„(q2) = ^[1 - Y - F(q2/m2] TgCq )   y —   )] , (3.19) 
where 
F(t) = 6;^dx x{l-x)lnCl-x(l-x)t3 . (3.20) 
Here, m is mass of the loop fermion. We have used the 
notation otg to represent the bare parameter (which in the 
lowest order we associate with the physical charge). This is 
obviously divergent. 
We now introduce the wavefunction renormalization constant 
^3 = 
where is the photon field. The subscript REN is for the 
renormalized field. From the definition of the propagator 
= <T(A^(X^)A'^(X2)  )> ,  (3.22)  
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where T is the time-ordered product, we find, by inserting 
eq. (3.21), 
^REN^^l'^2) ^  ^ ^  (3.23) 
= Z3"^A^^(XJ^-X2) • (3.24) 
The renormalized inverse propogator is then 
1 + *(q2) = Z3CI + *g(q2)] . (3.25) 
The charge is renormalized as 
a = Z2ag(4*w2)-E ^ (3.26) 
We have introduced the mass parameter \x in eq. (3.26) through 
(4?%2)"G (3.27) 
rather them in (3.11) as before, in order to maintain the 
renormalized fine structure constant dimensionless. 
2 The divergences in Tg(q ) may be cibsorbed into Z^ by 
requiring that the renormalized inverse propogator (3.25) be 
finite order by order. Equation (3.25) gives a constraint on 
Z^; however, Zg is arbitrary as for its specific form. If we 
are only concerned about the renormaliZcQjility of the theory, 
this is sufficient. But, if one wishes to relate the 
parameters of the renormalized theory to physical quantities, 
this arbitrariness must be eliminated. This is done by 
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imposing a set of renormalization conditions, which define the 
renormalization scheme. 
We emphasize that while the form of our theory may be 
radically different under different renormalization schemes, 
the physics is the same. Predictions for physical quantities 
should be independent of the scheme used. This is not 
entirely true, however, due to the fact that we must use 
approximation methods (perturbation theory) to solve our 
theory. While measurable quantities are independent of the 
scheme, approximations of measurable quantities will not be. 
Different schemes may lead to different results, differing in 
the next order of the expansion parameter. 
As an example, we return to the QED photon inverse 
propagator. The renormalization constant is to absorb the 
2 divergences in Tg(q ). The simplest form for which 
accomplishes this is 
ZL = 1 - ^(i) . (3.28) 3 3ir e 
When Tr_, eq. (3.19), is inserted into the definition of the 
D 
renormalized tt, eq. (3.25), we find 
Tr(q^) = + ln(4ir) + ln(u^/m^) - F(q^/m^)3 , (3.29) 
to order a. We see that the renormalized self-energy is 
indeed finite. This scheme is known as the minimal 
subtraction (MS) scheme.Since ir(q^) enters physical 
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quantities and must therefore be independent of the 
recrularization parameter u, we see that a must not be 
independent of \x in this scheme: a = aCy). 
An important feature of the MS scheme is that the 
renormalized coupling a(%) is not the physical (measured) 
charge of the electron, *phys ~ Me may set the 
coupling equal to the physical charge with a particular choice 
of y (see eq. (3.29)): 
cx(M) = »phys I? • (3.30) 
However, other renormalized parameters (such as the fermion 
mass) will also depend on p. These parameters are not in 
general equal to their physical values. There is no choice of 
H such that any two parameters, such as the mass and electric 
charge of the electron, are equal to their physical values 
simultaneously. 
We may also remark on a variation of the MS scheme. The 
parameter y was introduced in eq. (3.10) solely on dimensional 
grounds. We could be more general by replacing (3.10) with 
(4irxy^)^ , (3.31) 
where x is a dimensionless parameter. Thus, there is a family 
of MS schemes, corresponding to choices of X. In particular, 
the value 
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(3.32) 
defines the modified minimal subtraction (MS) scheme 52 This 
is desirable in that the constants -y  + ln(4ir), which arise as 
em artifact of our dimensional regularization process, are 
eliminated in the above equations. 
We emphasize that in the MS and MS schemes the 
renormalized parameters in general do not correspond to the 
physical parameters. This is often inconvenient, especially 
when the physical parameters are directly measureable. The 
scheme in which the renormalized parameters correspond to the 
physical ones is the on-shell renormalization scheme. For 
instance, we can have a = the above example by 
requiring 
This condition (together with corresponding ones for the 
electron) defines the on-shell scheme. Equation (3.33) can be 
satisfied by choosing 
1 + ir(0) = 1 (3.33) 
ir(q^) = ?g(q^) - Tg(0) (3.34) 
In this scheme. 
Zg = 1 - - Y + ln(4ir) + ln(vi^/m^)3 (3.35) 
ir(q^) = - ^ F(q^/m^) (3.36) 
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The renormalized coupling is a constant, equal to the physical 
coupling. We note that upon inserting eq. (3.35) into 
eq. (3.26), we find 
Og = a CI + §^(^ - y ) 3  , (3.37) 
and hence a is independent of the parameter u (a necessity if 
it corresponds to a physical observable). We will discuss the 
on-shell scheme in more detail in the next chapter. 
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IV. ON-SHELL RENORMALIZATION IN ELECTROWEAK THEORY 
A. The On-Shell Technique 
A principal feature of the Weinberg-Salam model of 
electroweak theory is its renormalizahility. Radiative 
corrections to tree-level processes can be calculated in a 
prescribed manner. These corrections offer an excellent 
laboratory for testing the SM and possibly differentiating 
between models. Yet, due to the diversity of renormalization 
prescriptions, the length and complexity of the calculations, 
and the lack of notation convention, there has not been much 
consensus on the status of the one-loop predictions. 
Fortunately, this situation has started to change. The 
subject has suddenly acquired renewed interest due to the 
discovery of the W and Z bosons. With this, the on-shell 
renormalization scheme has emerged as the preferred way to 
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perform electroweak renormalization. 
In the on-shell renormalization technique, the quantities 
e, Mpq, and are chosen as the free parameters of the theory. 
Boundary conditions are imposed during renormalization which 
guarantee that these parameters are the physical charge and 
masses. This choice of parameters offers several advantages. 
The parameters are well-defined, eliminating the ambiguities 
which plague other schemes. The procedure is a natural 
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extension of the renormalization in QED, and is convenient 
because the parameters are physical observables. Accurate 
measurements of the W and Z masses may be available in the 
near future, offering an excellent test of the radiative 
effects in electroweak models. 
We will describe the on-shell renormalization procedure, 
developing the tools we need to find the gauge boson mass 
shifts for the various models presented in Chapter II. A 
complete review of the on-shell procedure is given by Aoki et 
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al. The procedure is summarized in Table 4.1. 
The first step is to choose the free parameters that 
describe our theory. As presented in Chapter II, the 
parameters in the bare Lagrangian before SSB are g and g' (the 
2 SU(2) and U(l) gauge couplings), \x and x (parameters in the 
Higgs potential), and (the Yukawa coupling constants of the 
fermions, with n representing each fermion). The SSB 
introduces one other important parameter, v (the Higgs vev), 
which is not independent because it must be the minimum of the 
Higgs potential and hence is related to \x and X (eq. (2.11)). 
However, this set 
g, g', X, G^ , (4.1) 
appearing in the original Lagrangian, is not very convenient. 
We generally transfer to amother set of parameters which are 
more physically meaningful. Various choices include; 
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Table 4.1. Flow chart for renormalization procedure 
Choose a subtraction scheme 
to fix the counter terms. 
Calculate relevant amplitudes with a 
suitable regularization scheme. 
Eliminate all divergences, using 
counter terms and subtraction conditions. 
Choose a set of independent parameters. 
^0' ^0' ®nO' °H0^ 
Separate the bare parameters and fields into 
renormalized parts and counter terms. 
/ " \I A TJ » ^l^^T.T \ 
NOW HAVE S-MATRIX ELEMENTS AS FUNCTIONS 
OF PARAMETERS. BUT NUMERICAL VALUES ARE NOT YET FIXED. 
>0 
Choose input data to fix values 
of renormalized parameters 
(muon decay, ev scattering, etc.) 
' 1Î 
CAN NOW MAKE PREDICTIONS. 
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( 1 ) e # Xp^, 9 y t Mpj ' 
(2) e, Xgq, Mjg, m^, M^j , (4.2) 
(3) e, Mjj, Mg, , 
where the quantities have been defined in Chapter II. There 
exist simple relationships between these sets (see, for 
exemple, eqs. (2.19)-(2.21), (2.25), and (2.27)) at the tree 
level. However, these relations become very complicated when 
higher-order effects are taken into account. In addition, 
there is no a priori definition of x^. Rather, it may be 
defined in several differing ways, and its usage is 
inconvenient when considering higher-order effects. 
As noted before, we choose set (3) in (4.2). Thus, we 
rewrite the Lagrangian (2.33)-(2.36) in terms of (3). We make 
use of the relations 
g = 
<?' = , 
V = 2M^fM2^-M^^/(eM2) , (4.3) 
X = 
2» 2.. 2 
Z 
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\x^ = M^^/2 
' 
which hold to all orders in the perturbation expansion. The 
Lagrangian now is in terms of the parameters (3) of (4.2). We 
will use the parameters g, g', and only as shorthand 
notation for the expressions in (4.3). 
We also use the subscript 0 for the bare parameters which 
appear in the Lagrangian: 
L = I-'®0-"wO'"zO'"'nO'"H0' ' 
When we do a tree-level calculation, the bare parameters are 
the physical parameters. But when we include first-order 
corrections, we encounter divergences. The UV divergences Ccui 
be absorbed into renormalization constants, as seen in 
Chapter III. We introduce wavefunction renormalization 
constants 
"o ' ' 
z 0 
-
fZ' 
À 
*OR.L " • 
$0 = • 
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Similarly, we transform to a set of (renormalized) parameters 
"wo ' "w" + • 
«20 = «2^ * • 
«HO = • (4.61 
®nO = "n + ' 
eo = Ye . 
Thus, we have renormalization constants 
SMg^, SM^^, Sm^, Y, and Z , (4.7) 
where Z represents all the wavefunction renormalization 
constants. Note that the constants are additive for the 
masses but multiplicative for the coupling constant and 
wavefunctions. Their form is as vet unspecified. We will 
impose boundary conditions that will require that Mj-, M^, Mj^, 
and e be the physical quantities; this will in turn 
specify what the renormalization constants are. For instance, 
the constants and 7.^ are set such that the renormalized 
M-boson self-energy goes to zero when the momentum transfer 
2 2 q -»• . With this condition, the renormalized mass is 
identical to the pole of the W propagator, i.e., the physical 
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mass. For this reason, our procedure is known as th.e on-shell 
scheme. 
We write the Lagrangian 
L = I'(EQ.MJJQ,M2ORMJ^Q,MJJQRT|)Q) 
= L(Ye.M^+SM^,M^+SM^,m^+Sm^,M^+SM^,ZTD) , (4.8) 
v^ere $ represents all the field variables. We break this 
into two parts: 
We define LQ to have the same functional form as our original 
Lagrangian, with all the bare paraimeters replaced by 
renormalized ones. We also have a new contribution. which 
gives rise to what are known as counter terms. The counter 
terms will depend on both the renormalized parameters and the 
renormalization constants. The success of renormalization 
theory is that the divergences in the one-loop diagrams (from 
LQ) are cancelled by divergences in the counter terms (from 
Lc). 
We can use (4.9) to actually find the form of the counter 
terms. Unfortunately, there is a counter term for each 
propagator and vertex in L, and thus the list is quite long. 
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We will only present the ones we need; the complete set can be 
found in reference 54. 
We can narrow our list of renormalization constants ajid 
counter terms consideraibly with several observations. First, 
we are only interested in first-order corrections. This 
simplifies the counter terms in that we can reduce the form to 
being linear in the renormalization constants (higher-power 
terms being higher-order corrections). Second, we will limit 
ourselves to doing corrections to leptonic processes, such as 
muon decay, ve scattering, etc. In each case, we have a four-
fermion interaction. This eliminates the need for many of the 
renormalization constants. Finally, we note that the Higgs-
boson—fermion coupling is small (for light fermions), and will 
be ignored. 
The types of necessary corrections are then given 
diagramatically in Figures 4.1. Here, the "blob" represents 
all the subdiagrams possible to the required order. Diagrams 
a-d are the gauge-boson self-energies, diagrams e and f are 
the lepton self-energies, and diagrams g-k are the vertex 
corrections. The one-loop diagrams which comprise these 
corrections in the MSM are shown in Figures 4.2-4.12. All but 
the last diagram in each figure comes from the Lagrangian LQ 
of eq. (4.9). The last diagram of each figure is the counter 
term, which comes from L^. 
(a) 
(d) 
(a) 
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(b) (c) 
^AA/^VAA^ ^^ 
(e) (f> 
(hi (i) 
V 
A " 
(1) (k) 
Figure 4.1. Necessary corrections for leptonic electroweak 
processes 
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M W 
/WV^AA/- = AAA/Q^ ^ 
$ Y Z 
(a) (b) (c) 
0 Y W 
wv>( )AAA/ + ^ + O 
/S/vOi^Saaa AA/>JCV\A. 
w 
fd) (e) ( f )  
SL. « \ ) + Wj^/VA/* /wCww\ 
fcr) (h) (i) 
Figure 4.2. One-loop correction diagrams for the M self-
energy in the MSM 
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z _ z * A 
vw^^AA/ ~ + vvvi^^^^^j/vv\ 
4) W 
(a) (b) (c) 
W 
IL 
<D 
/vWv%^ ,aa/$^ 
(d) (e) (f) 
Figure 4.3. One-loop correction diagrams for the Z self-
energy in the MSM 
Z 'J» W 
VW\^^A/W " VAA/^^VNA/' + 
$ W 
fa) (b) 
M 
+ w\rXyw\, 
(c) (d) 
Figure 4.4. One-loop correction diagrams for the Z-A 
transition in the MSM 
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Tl) H 
= vaa/QWA. + 
III H 
(a) (b) 
H SL *• VWX/W 
(c) (d) 
Figure 4.5. One-loop correction diagrams for the photon self-
energy in the MSM 
^ —dk 
(a) (b) 
W 
f ^ * —*— 
(c) (d) 
Figure 4.6. One-loop correction diagrams for the charged 
lepton self-energy in the MSM 
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z w 
——^—- = —CÛ3— + cQa— + ^ 
(a) fb) f c) 
Figure 4.7. One-loop correction diagrams for the neutrino 
self-energy in the MSM 
(a) (b) 
(c) (d) 
Figure 4.8. One-loop correction diagrams for the ZZy vertex 
in the MSM 
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^^>AA/S2 = 
(a) (b) (c) 
(d) (e) 
Figure 4.9. One-loop correction diagrams for the JLZZ vertex 
in the MSM 
^^w\2 = z^kaaa/ + w 
(b) 
(c) 
Figure 4.10. One-loop correction diagrams for the vvZ vertex 
in the MSM 
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^^WAA = 
(a) (b) <c) 
Figure 4.11. One-loop correction diagrams for the vvy vertex 
in the MSM 
(a) (b) (c) 
+ ^^XAAAA/ 
(d) (e) 
Ficrure 4.12. One-loop correction diagrams for the \»AW vertex 
in the MSM 
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The next step is to find the form of the counter terms. 
Evaluation of (4.9), with the MSM Lagrangian of Chapter II and 
the simplifications mentioned, gives the necessary terms. 
First, we consider the vector bosons. For convenience, we 
break the self-energies into transverse and longitudinal 
parts : 
k k _ k k _ 
(a I + ) . (4.10) 
Then, Figure 4.2 can be written as 
A?(q^) = ZA^(q^) + Ap(q^) . (4.11) 
-R ^ n L 
Here, represents the transverse part of the corrected 
propagator (diagram a of Figure 4.1, or the left-hand side of 
Figure 4.2), while A^ is the transverse part of each one-loop 
diagram of Figure 4.2, with the sum over all the diagrams a-h, 
and A^ is the transverse part of the counter term, diagram i. 
We define 
A^(q^) = ZA^(q^) . (4.12) 
n 
Then, (4.11) becomes 
A^(q^) = A^(q^) + A^(q^) , (4.13) 
and likewise with the longitudinal part, 
B^(q^) = B'^(q^) + B^^q") . (4.14) 
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We find that with this notation the W self-energy counter term 
is 
A^(q^) = , 
(4.15) 
Bc(q^) = ^ 
We now proceed to the Z self-energy. Figure 4.3. We have 
the same notation: 
A^(q^) = A^(q^) + J^(q^) , 
(4.16) 
B^(q^) = B^(q^) + B^(q^) , 
2 2 
where A and B represent the sum over diagrams a-e. The Z 
self-energy counter term, diagram f of Figure 4.3, is 
A^(q^) = + ZZ^^ZuMgZ-qZ) , 
(4.17) 
B^Cq^ = aMgZ + •2^  
The Z-A mixing channel. Figure 4.4, has a counter term 
(diagram d) of the form 
(4.18) 
W • 
The photon self-energy. Figure 4.5, has a counter term 
(diagram d) 
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A^(q2) = -2q2z^2 
B^(q^) = 0 . 
(4.19) 
For the charged-lepton self-energy. Figure 4.6 ,  we 
introduce the notation 
Z* = =1 + ' (4.20) 
where 
= Z*(q2), Z*(q2), zj 
are the self-energies from Lq, L, and L^, respectively. 
Again, 
Z*(q2) = Z Z^\q2) , (4 .21)  
n 
0 
where the summation is over the diagrams a-c, and is the 
counter term, diagram d. Of course, 
Z^(q^)  =  Z^(q^)  +  z j  .  (4 .22)  
With this notation, the self-energy counter term for the 
charged lepton is 
4c ' - '•"Z - "î • 
4c ' • '4-23) 
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For the neutrino self-energy. Figure 4.7, the counter term 
(diagram c) is 
Z^(q) = -Z^q^Y^(l-Y^) . (4.24) 
The vertex functions. Figures 4.8-4.12, are denoted by 
rQ^(p,p',q) r (4.25) 
where p and p' are the momenta of the fermion legs and q is 
the boson momentum. We suppress these arguments. Again, we 
write 
Tr» = + Tea • 
where represents the sum of the vertex functions of the 
one-loop diagrams (for instance, diagrams a-c of Figure 4.8). 
We consider the charged-lepton—photon vertex. Figure 4.8, 
first. We find that the counter term, diagram d, for the 
vertex is 
(4.27) 
The AAZ vertex. Figure 4-9, has counter term (diagram e) 
- a„CY + 
f 5"! 1 
2 .. 2 
Z 
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(4.28) 
? 2e^ 
sV 
"z V 
+ 4z^  + i(zÊ+4^  - &( 2^ -4)^ 5: • 
For the vvZ vertex. Figure 4.10, the counter term, diagram d, 
is 
,vvZ 
COL = - g [Y + 
..2_.2 
- . 2  
(4.29) 
The vvZ vertex. Figure 4.11, has counter term 
(4.30) 
Finally, the v&W vertex. Figure 4.12, has counter term 
iiT »Z «Z V 
(4.31) 
+ 2% + + V^a'l-^s' • 
These are the necessary counter terms from L^. They involve 
the as-yet unspecified renormalization constants 
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Y, ZW' 2^^ 
(4.32) 
Sm^, zj, zj and Z^ . 
Me now specify the boundary conditions. These conditions 
will be use to determine the renormalizations constants. This, 
in turn, gives us the counter terms (eqs. (4.15)-(4.31)). 
Then, by calculating the unrenormalized corrections and adding 
the counter terms, we may evaluate processes including the 
first-order corrections. 
2 We determine the constants SMj^ and Z^ with the 
requirement that the transverse part of the renormalized W 
self-energy. Figure 4.2, behaves as 
= 0, 
(4.33) 
Ag'(V) = ° ' 
where 
2 d 2 
A'(M"^) = lim =- A(q'^) . 
d(q2) 
With this condition, the renomalized mass is identical to 
the pole of the W propagator, i.e., the physical mass. That 
is why this is called the on-shell renormalization scheme. 
W 2 The renormalized self-energy part j^(q ) is then finite. We 
note that determination of the renormalization constants 
Ill 
throuqh the conditions (4.33) also make B^(q^) finite, and the 
renormalized propagator is the physical mass propagator. 
Applying conditions (4.33) to (4.13), with the counter 
term given by (4.15), the renormalization constants are 
determined: 
(4.34) 
Likewise the renormalization conditions for the Z 
propagator. Figure 4.3, which make the physical Z mass, are 
(4.35) 
A^XMg^) = 0 . 
With the counter term (4.17), these conditions give the 
renormalization constants: 
= - A^(Mg^) , 
(4.36) 
,1/2 _ 1^Z,,„ 2, 
"ZZ 7.t„ = •|A^'(M2 ) . 
For the A-Z mixing channel. Figure 4.4, the 
renormalization conditions are 
AZAxMgZ) = 0 , 
(4.37) 
A^^(O) = 0 . 
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With the counter term (4.18), the renormalization constants 
are 
^2 = , 
(4.38) 
1/2 _ 2 
ZA 
= - A^(0)/Mg 
For the photon self-energy. Figure 4.5, the on-shell 
renormalization conditions are 
^(0) = 0 , 
(4.39) 
A, ( 0 )  =  0  .  
However, the first condition is identical to the second 
condition of (4.37). This is a result of the unbroken U(l) 
symmetry which quarantees the existence of the massless pole 
in the A-Z channel. The second condition, with the counter 
term (4.19), gives 
= |a^'(0) . (4.40) 
Thus, all the gauge-bo s on renormalization constants have been 
determined. 
We now find the charged lepton self-energy (Figure 4.6) 
renormalization conditions. The lepton mass m^ will 
correspond to the pole of the propagator provided 
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= 0 , (4.41) 
= 0 • 
where we have used the notation introduced in (4.20). 
Applying these conditions to (4.22), with the counter term 
given by (4.23), the renormalization constants are 
Sm^^ = Zi(m%2) + mjj^Z^(mj^^) , 
(4.42) 
2m2[Zi(m%2)+m%Z&(m%2)] , 
(4.43) 
Figure 4.7, the on-shell condition is 
(4.44) 
This determines the renormalization constant 
= -2Z^(0) 
(4.45) 
= 22^(0) . 
„Z — + 5"^  
- Z^ + Zgc , 
< - < c -  4 c  '  
where 
4c = - 4"=%^' 
For the neutrino. 
Zp(0) = 0 . 
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The final renormalization constant, Y, can be determined 
through the eeA vertex. Figure 4.8. We require that the 
renormalized vertex be the QED vertex at zero momentum 
transfer: 
— aaA I 
u(mg)rp^ u(mg) |jçU_o = 0- (4.46) 
From the counter term (4.26) and using the previous 
renormalization constants, we determine Y. 
Thus, all the-necessary renormalization constants (4.32) 
which appear in the counter terms (4.15)-(4.31) have been 
determined (in terms of the unrenormalized self-energies and 
vertices). In the next chapter, we will consider the 
calculation of the one-loop diagrams, hence determining the 
counter terms. We are then prepared to examine the radiative 
effects in leptonic electroweak interactions, and evaluate the 
gauge-boson mass shifts. 
B. Survey of Electroweak Radiative Correction Methods 
In this section, we will review some other methods for 
calculating radiative corrections in electroweak models. We 
can divide the methods into two categories: methods based on 
conventional perturbation in powers of a fixed coupling 
constant, and methods based on the renormalization group 
method. 
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Most studies have followed a conventional perturbation 
theory similar to the on-shell method. The differences 
between the various studies are in the choice of independent 
parameters. All choices are, in principle, equivalent, and 
should lead to identical physical quantities. However, some 
choices are more convenient than others in that the definition 
of the parameters is unambiguous to all orders in perturbation 
theory, and possess a clear physical meaning. The best 
example is the Weinberg angle, This parameter is widely 
used to analyze neutral current data. At the tree level, eqs. 
(2.20) and (2.40) hold and is well-defined. At higher 
levels, however, these relations are modified, and no unique 
and proper definition of Xj^ exists. Thus, it is an 
incovenient parameter to use. The method we have outlined 
avoids this problem by not using Xj^, except as a bookkeeping 
device. We elaborate on several of these other procedures as 
an illustration. 
A set of parameters e, g, and was first employed by 
55 Appelquist et al. Here, e and are the electric charge and 
the mass of the W boson. The parameter g is the SU(2) 
coupling constant, defined on-mass-shell at the Wuv vertex. 
2 2 The Weinberg angle is given by x^ = e /g . The Z-boson mass 
is not an independent parameter and is defined as the pole of 
the Z propagator. As a result, the relation = MgCos8^ is 
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no longer true beyond the lowest order of the perturbation 
expansion. This scheme is also inconvenient in that the Wyv 
vertex function is infrared divergent. This divergence can, 
of course, be cancelled, but then g is cutoff-dependent. 
Another scheme, employed by Sirlin,^® has g, g', and v as 
independent parameters. Other parameters such as Xj^, and 
Mg are defined as functions of g, g', and v. In this method, 
Mpq = MgCose^ is set to hold to all orders, but v is no longer 
the minimum of the Higgs potential beyond the tree level. In 
addition, there are no field renormalization constants. This 
simplifies the form of the counter terms, but results in 
unrenormalized Green's functions. Of course, S-matrices and 
hence physical quantities are still made finite by the 
renormalization procedure. 
Another common scheme uses g, and x^ as 
parameters.Here, Xj^ is defined as the ratio of elastic 
v^e to v^e scattering. Neither the relationships e = gsinS^j 
nor Mjj = MgCOsG^ hold to second-order or higher any longer. 
59 Nonetheless, these and other similar methods are 
essentially the same as the on-shell technique we have 
presented. The differences are generally that of convention, 
with results being comparable once relationships between 
parameters in the different schemes have been worked out. 
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An approach based on conventional perturbation theory but 
structured quite differently was formed by Llewellyn Smith and 
Wheater.^^ They employed the modified minimal subtraction 
(MS) scheme, which was mentioned in Chapter III. The set of 
parameters used is 
m^(^), mgfw), m^(^), m^(vi) , (4.47) 
where u is the mass scale introduced in the dimensional 
regularization process. They are finite, well-defined 
parameters, but they are in general not equal to the 
corresponding physical ones. Calculation of renormalized 
quantities in terms of the set (4.47) is particularly simple. 
However, we must relate the MS parameters to the physical 
parameters, and the total amount of work in obtaining a given 
physical quantity remains the ssune. 
We note that the MS method most closely mimics the QCD 
renormalization procedure, whereas the on-shell technique 
mimics QED. The "running coupling constant" idea in QCD, 
where p is taken as the relevant mass scale, has no meaning in 
the on-shell scheme. The only coupling constant is the 
physical one, which relates to a directly measurable coupling 
strength. 
An alternative to conventional perturbation theory has 
been formulated by means of the renormalization group 
approach.For example, the perturbative expansion of a 
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theory may give rise to logarithmic terms of the form 
where p cuid u' are two different mass scales of 
the theory. In cases such as QCD, in which the coupling 
constamt is not so small, the series must be summed to all 
orders when y' >> y. The renormalization group method is used 
to deal in part with this problem. The renormalization group 
equation sums up to all orders the leading log contributions. 
In electroweak theory, we also have two mass scales: the gauge 
boson masses, and low-energy variables like the momentum 
transfer of a process. The logarithmic terms are not as 
dominant, though, due to the small coupling constant. 
Nonetheless, we can use renormalization group equations to sum 
these terms. This was originally formulated for electroweak 
CO 
theory by Marciano, and expanded by the Rome group and the 
Harvard group.For weak corrections, effects of the sum of 
the leading-log terms to all orders is small in comparison to 
the first-order non-log term. Thus, this method is 
complementary to but cannot replace conventional perturbation 
theory. However, summation of the leading-log contributions 
is essential if one considers the QCD corrections to weak 
processes involving hadrons. As we confine ourselves to 
reactions involving leptons as external particles, the QCD 
corrections enter only at the two-loop level. These 
corrections are negligible at the experimental accuracy 
achieved presently. 
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V. MASS SHIFTS IN THE MINIMAL AND EXTENDED MODELS 
A. Mass Shift Formulas 
Thus far, we have developed the formalism to calculate 
radiative effects in the SM. We will now use this formalism 
to calculate the gauge-boson mass shifts. We are particularly 
interested in the contributions of the Higgs sector, in both 
the minimal and extended variations of the standard model. 
In Chapters II and IV we presented the SM in terms of the 
independent parameters e, M^^, and Mg (we will suppress the 
parameters m^ and M^). The theory is of no use, however, 
until we establish these parameters by comparing predictions 
to experimental results. The parameter e is known to great 
precision from Thompson scattering (without recourse to 
perturbation), thus we need to determine Mj^ and M^. The 
values we get depend on the order of perturbation we have 
considered; the differences between successive orders are 
called the mass shifts. The mass shifts due to the one-loop 
corrections to the tree-level values are the most important. 
We will examine this mass shift for the Minimal Standard Model 
and models with extended Higgs sectors. 
Let us consider two low-energy processes, called R and S, 
which we will use as input data points. The actual choice for 
R and S will be discussed later. We calculate R and S, to 
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lowest order, as functions of the parameters and Mg, then 
compare to the experimental values: 
(5.1) 
Here, and represent the tree-level calculations, 
R®^ aind their experimental values. The solutions to 
(5.1), which we designate as auid , are the lowest-
order predictions for the boson masses. Mhen we include the 
first-order radiative corrections, we have 
R^^hMg^,Mg) = RG=P , 
(5.2) 
The solutions to this, and , are the physical masses 
(except for terms of higher order in a). The differences 
(5.3) 
are the mass shifts. The tree-level expressions are readily 
calculable; the problem is to solve (5.2). In general, the 
functional dependence of R^^^ and on and Mg is 
complicated, and the equation must be solved numerically. 
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This presents a problem in that we wish to examine the 
contributions to and AMg due to the Higgs boson, requiring 
explicit expressions for and 
Consider a process, R, dependent on a single variable, M. 
Then, as in (5.1) amd (5.2), 
= R(1)(M(1)) . (5.4) 
We can write 
r(1)(J^(1)) _ p/O) (%(!)) + AR(M^^^) (5.5) 
= R^°\M^°UAM) + AR(M^°^) , (5.6) 
where ûR contains all the second-order corrections. In going 
from (5.5) to (5.6) we have noted that AR(M^^^) = ûR(M^®') to 
this order. Making a Taylor series expansion and keeping only 
the first-order term in AM: 
r<0^(M^°UaM) = R^°^(M^°') + AM§-R^°^ (m) I (0) . (5.7) 
3m Im—n 
Inserting into (5.6), with (5.4), gives 
^ . ,s.3) 
R'(M*"' ) 
where 
HMM"") = ' '5-9' 
which we assume to be non-vanishing. Thus, we have an explict 
expression for AM, depending only on the lowest-order mass. 
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We can extend this to two processes and two variables. We 
find 
R_AS - S_AR 
^ ^ - SLR. 
"r 2 
S^ùR - R^AS 
(5.10) 
where 
for i = 1, 2, and 
A R  =  A R ( M ^ ° ^ )  ,  ( 5 . 1 2 )  
and similarly for and AS. Thus, we have explicit 
expressions for the mass shifts. We may find the 
contributions from the Higgs boson (or any other type of 
contribution) by finding the corresponding contribution to AR 
and AS. Note that the only masses which appear are the 
lowest-order ones, because we have substituted ^ and 
for and Mg, to this order. We point out that while the 
input data points no longer explicitly appear, their numerical 
values manifest themselves in the determination of and 
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B. Calculation of Low-Energy Processes 
The next step is to choose the low-energy processes R and 
S which we wish to use as input data. As mentioned, e can be 
determined from Thompson scattering. The fermion masses m^ 
are known from other considerations, while the Higgs mass 
is undetermined by the theory and will be allowed to vary 
within certain bounds. Thus, we are looking for two processes 
which will determine and Mg. The obvious choice for one is 
the muon decay rate, which is one of the best measurable 
numbers in weak processes. For the other, we will take the 
ratio of v^e to v^e elastic scattering cross-sections. This 
is theoretically much easier to calculate than other 
processes, such as eD scattering, atomic parity violation, smd 
so on, which involve quark structure functions and QCD 
corrections. However, the precision of the ve experiments is 
not good due to poor statistics. Given the difficulties in 
doing such experiments and the small rates involved, the 
accuracy of the ve experiments are not likely to improve 
greatly in the near future. 
We then have two low-energy processes which we use to give 
the lowest-order mass predictions and the predicted mass 
shifts. Comparison to the physical W and Z masses then offers 
a test of the radiative corrections. For instance, the 
existing values of and Mg from the CERN collider already 
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offer a preliminary check, showing that the mass shifts are at 
least approximately of the sizes predicted by the SM. 
An interesting alternative to the above method would be to 
take one of the masses as an experimentally determined value 
instead of the neutral current data.^^ We give up one check 
of our theory in return for more accuracy. It is expected 
that the mass of the Z boson will be measured accurately (to 
within 0.1 GeV) in the near future at SLC and LEP. We take 
M^exp input, as well as the muon decay rate. The mass 
shift of the can be found from (5.5): 
The shift for the W mass can be obtained to good accuracy, and 
a measurement of the physical W mass may be used to test our 
theory. We will call this the 1-variable method. 
First, we look at muon decay. The diagrams describing the 
process to first-order are given in Figure 5.1. The general 
matrix element can be written as 
T = V y {1-y^)\iey^{1-y^ ) M , (5.14) 
H a e 
where Gp is the Fermi constant ((Chapter I). Here, we have 
represented the spinor wavefunctions by their symbols, u = u^, 
ë = , and so on. We also use e to denote the electric 
Figure 5.1. Muon decay diagrams, including one-loop 
corrections 
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charge; however, no confusion should arise from this notation. 
The matrix element (5.14) gives the decay width 
r = ^ . (5.15) 
192?^ 
The experimental results are traditionally expressed for Gp 
rather than F. Thus, for our process R we take the 
coefficient of the matrix element (5.14). That is, 
= Gp/f2 . (5.16) 
Taking this coefficient as our process R, rather than the 
actual decay rate, is more convenient. From diagram a of 
Figure 5.1, we find that the tree-level matrix element in the 
SM is 
^ ^ V V (l-Y^)MeY'*(l-Y^)v , (5.17) 
-M» ) ^ "W 
where we have taken the low-momentum-transfer limit. The 
process (to lowest order) as a function of the parameters is 
then 
.2 „ 2 
2 „ 2 
"z 
, ( 0 )  e R = = = =• . (5.18) 
We now include the first-order corrections, diagrams b-d 
of Figure 5.1. The total matrix element is 
T^l) = T(OW T- + T + T, , (5.19) 
D c d 
127 
where T^, T^, and correspond to diagrams b, c, and d in 
Figure 5.1, respectively. Me find that 
^ • '5-2°) 
% 
''c = ^  . (5.21) ^ 5..-^\)eW. ^ 
% 
and 
2 W g _ c _ = 1 A%(0) 
T. = V (1-Y )ue(l->'^)v —^ • (5.22) 
<1 8 "W "M 
We have used the notation introduced in Chapter IV, where the 
"blobs" represent the one-loop corrections, including the 
counter terms. The renormalized vertex functions are given by 
emd A^(0) is the transverse part of the W-boson self-
2 
energy, evaluated at q -* 0. The fermion self-energy 
contributions (diagrams e-h of Figure 5.1) are cancelled in 
the renormalization process, and for convenience we will not 
consider them. The box diagrams (diagrams i-1) are small, and 
hence are ignored. It should be noted that the g appearing in 
equations (5.20)-(5.22) and the rest of this chapter is only a 
shorthand notation defined by equation (4.3). As long as 
has a V-A form, we can define by 
rT = • '5.23, 
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Then, (5.19) can be put in the form of (5.14), and the 
coefficient of the matrix element (5.19) is 
.zLci 4. + r:"", 4. . (5.24, 
The total weak correction is then 
2^ V "W 
AR = 2 ^ -^-4~ • (5.25) 
The second process we choose is the ratio of muon-
neutrino—electron elastic scattering (^i^e -w^e) to muon-
antineutrino—electron elastic scattering (v^e -» v^e). The 
neutral current reaction v^e -* v^e has contributions through 
the one-loop level from the diagrams in Figure 5.2. The tree-
level process, diagram a of Figure 5.2, has a corresponding 
matrix element 
<T 2 
t(0) ^ _IZ - (1.^5^ - (X( 5^g . (5.26) 
I6M2 ^ M u u 
Again we have taken the low-momentum-transfer limit. Here a^ 
and bg are the vector and axial-vector couplings, 
respectively, of the charaed lepton to the Z boson; 
(5.27) 
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6 
(a) (b) (c) 
(d) (e) (f) 
(a) (h) (i) (i) 
)z( )W( 
(k) (1) 
Figure 5.2. Diagrams for v^e elastic scattering, including 
one-loop corrections 
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bo = -1 . 
The matrix element for v^e -* v^e is just (5.26) with -» -bg. 
These amplitudes in turn give a cross-section ratio of 
 ^:: =  ^• 
where 
Ç = ^ . (5.29) 
^0 
Note that in the conventional notation 
Ç = 1-4%^ , (5.30) 
2 
where is the commonly quoted experimental value for sin 8^, 
where 8^ is the Weinberg angle. Following the common 
procedure, we take as our process S the ratio of the vector to 
the axial-vector couplings (times a factor of -1/4 for 
convenience). The tree level calculation for S, from (5.27), 
is 
2 2 
s'O) = - 1 ^  - 1,1 - . ,5.31) 
We take (5.28) as the definition of Ç. It is then the ratio 
of vector to axial-vector current strength. This is an 
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experimentally determined number, and compares to the process 
S by 
gexp = _ 1 ^ , (5.32) 
Radiative corrections to S arise when we take into account 
one-loop diagrams, such as diagrams b-m of Figure 5.2. Again, 
the fermion self-energy diagrams, g-j, give no finite 
contribution, and the box diagrams, k-m, are small and can be 
ignored. The total matrix element, including one-loop 
corrections, is then 
,j,(l) _ ^(O) + T + T + T, + T + T_ . (5.33) 
b c d e f 
Now any of the one-loop corrections to the amplitude can be 
written as 
^2 ^ 
T, = -^ —=r V V (l-'Y^)v e-Y*(a,-b,Y^)e , (5.34) 
^ 16 ^ ^ ^ ^ 
where the index J represents a particular diagram. Then, the 
total one-loop-corrected vector and axial-vector couplings, A 
and B respectively, are 
A = aQ + Z aj 
u 
B = bo + Z bj , 
(5.35) 
where the summation runs over all diagrams b-f. The one-loop-
corrected expression for S is 
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s'l' =1 
, a. Za, Zb, 
= - 4 5^ CI + ' (5-36) 
The one-loop corrections to the process S are then 
1 a^ .. Za-r Zhv 
AS = - f ^  ^ - r^3 . (5.37) 
We need to evaluate each diagram to find aj and bj to 
determine AS. 
We first consider the Z self-energy graph, diagram b of 
Ficrure 5.2. The matrix element is 
2 2 2 Z 
= — vy ( l-yS) -1+4^ ^ +y^)J^ . . (5.38) 
 ^ 16 
2 The renormalized Z self-energy, has been defined in 
Chapter IV. Putting (5.38) into the form of (5.34), we find 
the vector and axial-vector couplings 
(5.39) 
a|(0) 
b = (-1) — 
"z' ' 
so 
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(5.40) 
and the contribution from this graph is zero. 
The Z-A exchange graph, diagram c of Figure 5.2, has 
matrix element 
= ieg2V-Y^(l-Y^)vi-Y**(-l)e —^^ 
"z 9 q2=o 
(5.41) 
The couplings are 
b = 0 . 
q^=0 
(5.42) 
This gives 
ar b. 
-4e A^(q^) 
gg ( -1+4 ( q2=0 
(5.43) 
Next we consider the \»vZ vertex, diagram d of Figure 5.2. 
The matrix element is 
"z "z 
(5.44) 
The vertex function has been introduced in (Chapter IV. We 
make the definition 
-vvZ vvZ .^^Z 5 
^ R a  =  ^  - b y .  (5.45) 
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We then put (5.44) in the form of (5.34), getting 
a = 
b = 
(5.46) 
This gives 
, |,^vvZ_j,vvZ, _ (5.47, 
The VVÀ vertex graph is shown in diagram e of Figure 5.2. 
The matrix element for it is 
^ . (5.48) 
qr=o 
MaJcinq- a definition similar to (5.45), we find 
2 „ 2 
vvA 16e* Mg 
(5.49) 
b = 0 , 
2 
with the limit q -» 0 understood. The contribution to (5.37) 
is then 
LÎlzl 
'0 "0 gg'q" ( -1+4 ( ) /Mg- ) 
IT " 57 = 2 2, » 2, 2, • (5.50) 
The final graph is the eeZ vertex, diagram f of Figure 
5.2. The matrix element is 
135 
Tj = ^  A ' <5.511 
giving 
a = ^  
9Z 
(5.52) 
b = ^ b=eZ 
The contribution to (5.37) is then 
_eeZ _ 
^ + b®®^) . (5.53) 
^0 ^0 (-1+4(M2^-Mjj^)/M2^) 
The total weak corrections to the process S are then 
M 2 w 2 .2 ,ZA, 2. 
AS = - ^ _ 4. 
V 9Z(-1+4(M2^-M5J2)/M22) 9 
IGe^Mz^ 
gg^qZ ( -1+4 ( ) /Mg^ ) 
a^^^ (5.54) 
^eeZ 
"Z -1+4(M2^-M^'")/M2' 
+ 2 ^  2,,„ 2 + • 
To summarize, we have examined two low-energy processes 
with the goal of determining the gauge-boson masses. The 
processes are muon decay (R) and the neutrino-electron elastic 
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scattering cross-section (S). To the lowest order, as 
functions of the parameters, they are 
R'O' = - -'"z' - -
(5.55) 
s'Ol = . . 
"z 
The first-order-correction expressions are (5.25) and (5.54) 
Experimentally, the processes are 
= Gp/JT 
= - k . 
We note that (5.55) gives 
2. 
(5.56) 
e 
'"z 
(5.57) 
^1 " 2 ' 
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We are now ready to calculate the explicit expressions for 
(5.25) and (5.54), and hence the mass shifts, for the MSM. 
C. Dominant Terms of the Mass Shifts in the Minimal Model 
The last step in our procedure is to finally calculate the 
"blobs" - the one-loop diagrams in Figures 4.2-4.12. From 
Chapter IV, we may then calculate the renormalization 
constants and the counter terms. This gives the renormalized 
self-energies and vertices, which we use to find AR and AS, as 
shown in the previous section. Using the results of section A 
will then give us the mass shifts. 
The calculation of all the one-loop diagrams of Figures 
4.2-4.12 is a monumental task, generally left to algebraic 
manipulation computer programs. The results are presented 
explicitly in reference 54; we will not repeat them here. We 
will develop the Higgs-dependent terms in the next section as 
a prelude to working with models with extended Higgs sectors. 
The gauge-boson mass shifts for the MSM have been 
presented by many authorThey have found that the 
radiative corrections are important in the prediction for the 
W and Z masses. Using Gp and Ç as experimental imput data, 
the tree-level predictions are 
Mjj = = 77 GeV 
(5.58) 
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Mg = = 88 GeV 
However, the one-loop-corrected predictions differ by 
AMg = +3.0 GeV . 
Thus, we expect to find the gauge bosons, not at 77 and 88 
GeV, but at 79.6 and 91 GeV. 
This large mass shift is almost entirely due to fermion 
loops in the boson self-energies, Figure 5.3. Corrections 
Figure 5.3. Fermion loop in gauge-boson self-energy 
arise of the form 
where M is the mass of the W or Z and m is a fermion mass. 
Obviously, for the light fermions, this type of correction is 
large. For the first generation of fermions, the actual 
AMpq = +2.6 GeV . 
(5.59) 
AM « aln(m^/M^) (5.60) 
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shifts are 
+ ^ [21n(m^2/MH2)+ln(ma2/NH2)+ln(m22/MM2)]] 
(5.61) 
(40c^-50c^+25) + ^ (8c^-10c^+5)ln(ni^^/M2^) 
+ ln( ) + ^(^c'^-Gc^+S^lndn^^/Mg^)]} 
where m^, m^, and are the up quark, down quark, and 
electron masses, respectively. Here c = cosG^ = M^/M^. There 
are similar expressions for the other generations. 
Contributions from other diagrams of Figures 4.2-4.12, 
including Higgs particle diagrams and vertex diagrams, total 
to about .1 GeV. The result is not very sensitive to the 
Higgs mass. 
We reflect that while these corrections are rather large, 
the current uncertainty, due to the neutrino data, in the M 
and Z masses is as large. Thus, we are not yet to the point 
where the radiative corrections are numerically meaningful. 
In addition, measurements of the W and Z masses at CERN are 
not precise enough to compare to the theoretical predictions 
for the radiative corrections. As mentioned before, this 
situation will be improved in the next few years. 
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D. Higgs Terms of the Mass Shifts in the Minimal Model 
As part of the total mass shift calculation discussed in 
section C, we have some terms which involve the Higgs boson. 
The minimal model has a single neutral Higgs; the mass shifts 
can be written as a function of the Higgs-boson mass. In this 
section, we present the details of the calculation of the 
Higgs-mass—dependent terms. 
First, we examine the M-boson self-energy. The diagrams 
involving the Higgs particle are shown in Figure 5.4. The 
$ $ 
n- Vaaaa çg± ( ^  
/wVww\ 
W" 
(a) (b) 
Figure 5.4. Higgs-dependent contributions to the W self-
energy in the MSM 
loop integrals have been worked out in Appendix A. The 
contributions to the W self-energy from diagrams a and b of 
Figure 5.4, respectively, are 
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2 1 
llag a = - ^ 
(2ir) i Mj, 
(5.62a) 
1 g' 3 
diag b = r— A«(M„ ) , (5.62b) 
4 (2*)*i " ^ 
where the functions Bq, ^ 22' ^0 defined and evaluated 
in Appendix A. The Higgs-dependent part of the W self-energy 
is then the sum of (5.62a) and (5.62b): 
g2 
CA"(q2)aH = -
(5.63) 
1, 2. + TA (Mp^"^)] . 
By (4.34), the Higgs-dependent parts of the renormalization 
2 
constants and are 
CSM„\ = - Ca''(M„^)3H 
^2 
(2?)"i 
(5.64) 
|AO(" + tA«(MJJ )3 , 
and 
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^2 
(2ir)'i 
(5.65) 
For the case of large Higgs mass, >> Mjg, we can expand the 
2 2 functions BQ and B22 in powers of /M^ . The details of the 
expansion are given in Appendix B. Using eq. (B.13), the 
Higgs dependence of the unrenormalized self-energy, (5.63), 
becomes 
^2 
^  '  <S-GG'  
loir 
2 
where we have dropped terms of order and smaller. Using 
equation (B.14), the Higgs-dependent part of the 
2 
renormalization constant SMjj , (5.64), becomes 
^2 
2 The leading term is of order . The Higgs contribution to 
the wavefunction renormalization constant is 
= 0 , (5.68) 
due to (B.22). The renormalized W self-energy, <4.15), is the 
sum of (5.66) and (5.67), in the limit >> Mg: 
A^(0) = A^(0) + A^(0) 
= a"(0) + SMjj2 + 
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^2 
• '5-69, 
loir 
Next, we calculate the Z-boson self-energy. The relevant 
diagrams are shown in Figure 5.5. The calculation is exactly 
$ $ 
/wOwOvw 
N / 
2 2 { \ 
(a) (b) 
Figure 5.5. Higgs-dependent contributions to the Z self-
energy in the MSM 
like the W-boson self-energy, except with g -»• g^, -» Mg. 
Thus, the Higgs contributions to the mass counter term and the 
renormalized Z self-energy, in the large Higgs-mass limit, are 
g 2 
""2% = '5.701 
loir 
and 
g 2 
= r^- • <5-71» 
loir 
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The Higgs particle does not couple directly to the photon 
and we are taking the coupling to the light fermions as zero. 
Thus, all the other renormalization constants - Y, ^A2' 
and Sm^ - have no Higgs dependence in them, to the one-
loop order. In addition, the unrenormalized vertex functions 
have no diagreims with Higgs particles in them, to the one-loop 
order. The only Higgs dependence in the vertex functions is 
in the counter terms, through the renormalization constants 
7 2 SMjj and SM^ . Using the counter term from (4.26), the Higgs-
dependent portion of the renormalized eeZ vertex is 
gZcggZ-ZgZ) 
Be 
"z 
2 
V 
(5.72) 
2, 
"ot 
We see that it has vector and axial-vector couplings, (5.45), 
eeZ 
q^iq.^^-2q^)+8q^e 
eeZ ^ _ 
gZfggZ-agZ) 
8e' 
(5.73) 
The renormalized vvZ vertex, using the counter term (4.28), 
has Higgs-dependent terms 
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'h = " -7-2 1— - — 8g' 
»z V 
Y^(l-Y ) , (5.74) 
giving vector and axial-vector couplings 
vvZ .vvZ a = b 
gz(g'^-g^) 
8g' 
SMz^ SMw 
2, 
(5.75) 
For the vAW vertex, the Higgs-dependent contributions to the 
renormalized vertex come from the counter term (4.30): 
" 4^21. 
Ya/l-Y > . (5.76) 
leading to couplings 
vJlW . a = b _Lf!îv 
4i2 Mr 
(5.77) 
For the eeA vertex and the vvA vertex, the counter terms 
2 2 (4.26) and (4.29) have no dependence on SM^ and 5Mg , and 
hence 
3H = ° • (5.78) 
and 
= 0 (5.79) 
Finally, we note that the renormalized lepton self-energy has 
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no Higgs-dependent terms, as the Higgs-fermion coupling is 
small (of order m^/Mj^). 
Inserting the above equations into the expressions for AR 
and AS, (5.25) and (5.54), and then using the mass shift 
formulas (5.10), we find the Higgs-dependent portions of the 
mass shifts to be 
1 CA"(0)3„ 
= - K,: 2  +  — ' 5 - 8 0 '  
"m "M 
, CA (0)3„ CSM^ 3„ 
=  -  W „ 2  +  — •  
"w Mz 
Finally, using the expansions for A^(0), and SM^^, (eqs. 
(5.66), (5.67), and (5.70)), we have the Higgs contributions 
to the gauge-boson mass shifts (in the limit >> M^) : 
2 2 
'»K • '5-81) 
2 
2 2 Here, s =l-c =x^. 
We see that the only Higgs-mass dependence is in the 
logarithm. Thus, the contribution is not be large, for Higgs 
masses within the bounds discussed in (Chapter 2 (M^ < 1 TeV). 
For instance, a Higgs mass of 1 TeV gives a mass shift of 
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A 
w- w-
(a) ( b )  
.-t? 
yww\/* A/WWV ywwv* 
( C )  ( d )  
H° (t), 
/www yvww* f'^\ 
\ / \ ) 
4. /VV>^A/W\ 
H" 
(e) (f) 
«2 H° H-
V 
/wonj^ x/vn 
) O 
A/V0\3VWV /v\r)vVw\ 
(<J) (b) (i) 
Figure 5.6. Higgs-dependent contributions to the N self-
energy in the 2-doublet model 
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^ vwi^^^^^yvw 
Z Z 
(a) (b) 
•l $' 
y N 
Awy/ Kvw\ vvvv< 
\ / 
/ \ 
A/vw 
H" H° 
to (d) 
h' $1 
/ \ 
V/WV/i AAAA 
H" 
I ^ 
'W^^Wwv 
(e) (f) 
•2 
f) 
/v\r)Ww 
H' 
(') 
^w)ww\ 
H" 
D 
'wv^wWw 
( 9 )  (h) (i) 
Figure 5.7. Higgs-dependent contributions to the Z self-
energy in the 2-doublet model 
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h-
z wwvt aa/wv y v ' /wvvVN/W 
h" 
(a) (b) 
H"*" H-
y'-x 
/wwv yvvvv\ Y V / 
/v\r)ww\ 
h" 
(c) (d.) 
Figure 5.8. Higgs-dependent contributions to the Z-y 
transition in the 2-doublet model 
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and the only Higgs dependence for the vertex functions will be 
through the renormalization constants in the counter terms. 
We note that, as in the MSM, the wavefunction renormalization 
constants will not give any Higgs-dependent contributions. 
This is because they involve derivatives of the self-energies. 
Then, by the expansions of Appendix B, the leading terms will 
2 2 2 
only be of order ln(M^ /M^ ) or smaller, and can be 
ZA ignored. Finally, we note the Z-A mixing self-energy, A , 
a 
and the photon self-energy, A , are always zero to this order. 
This is because a particle can only couple to itself through 
the electromagnetic interaction. 
With the above observations noted, the only remaining 
2 2 
renormalization constants are SM^ and . Then, equations 
(5.78) and (5.79) become 
, A^(0) A"(M»^) 
's-s:' 
"w ^ 
, _ A^(0) A^(M ^) 
= - K ri-: '5-83' 
"w "z 
W 2 When we make expansions for the functions appearing in A (q ) 
2 1 
and A (q ) for large M^, we are dropping terms smaller than 
2 2 in the self-energies. Since the argument q appears as 
9 2 
q /Mpj for a leading term, it is always less than the desired 
order, and 
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A^(0) = , 
(5.84) 
A^(0) = A^(M2^) = A^ . 
Thus we see, to this order, 
CAMjjl = 0 , 
, a" A^ 
CûMglH = - ^ [—2 - —2^ • (5.85) 
"w ^ 
The Higgs part of the M-boson mass shift is always zero. 
Similarly, we find for the 1-variable method, (5.13), 
1 A" A^ 
"z '^"w "w "z 
We rely on (5.85) and (5.86) to give us the mass shifts. The 
remaining task is to calculate the Higgs-dependent 
W Z 
contributions to A and A from the one-loop diagrams. 
Using the Feynman rules of Oiapter II and the integrals of 
Appendix A, we write down the Higgs-dependent terms to the H 
H 
and Z self-energies. The Higgs-dependent contributions to A 
from the diagrams of Figure 5.6 are 
g2^2 
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diag b = 
16? 12 2 
2 2 2 diacr c = ,VL,±^ (5.87c) 
16ir^i 'l " 
leir'i " " *2 
9 1, 2. 
(5.87d) 
g^c2 2 2 2 
diacr d = 2-C-B,,(M/,Mj,±^,q'')D 
16**i H ^  
^2 
diag e = . C-B^,(M„±^,M„o^,q^)3 (5.87e) 
16f i 
diaq f = 3-C4Ao<m/)3 (5.87f) 
IGir^i 2 0 (t.3_ 
diag g = ——-^^Aq()3 (5.87g) 
g' 1 
diacr b. = 3-ciAn(M„o )3 (5.87b) 
16u i ^ " 
g T 7 
diacr i = 3-C-i-Ao(bt,±'')3 (5.87i) 
16w i ^ " 
For the Z self-energy (Figure 5.7), the contributions from the 
individual diagrams are 
diaa a = ^ ,» 2 » 2 _2\_c 2 „ 2 „2, 
16ir 
—^^ 0^ '9 ) -®22 ( 'Mz '9 )](5.88a) 
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a 
16ir 
9Z^ =\ , ... 2 „ 2 2, diag c = t-C-B~«(M. ,MUO ,q )] 
16**i 'l  ^
loir 1 1 
*^ Z rl^  ,w 2, 
16ir'i  " *^ 2 
^1» 2. 
(5.88c) 
9% c 2 2 2 diag d = ^ . C- B - - ( M . ( 5 . 8 8 d )  
16**i '2 " 
diag e = — 3-ï!—C-B„(M/,a,o'^,q^)3 (5.88e) 
16**i *1  ^
(5.88f) 
diag g = ^ )] (5.88g) 
diaq h = —=2-[zAn(MuO")] (5.88b) 
16**i ^ 0 -M 
gz^fi-2V^ 1 2 
diag i = — ?—=—c4AO(M„±^)3 (5.88i) 
16ir^ i u H 
In the limit that is much larger than the other Higgs 
masses and the gauge-boson masses, the diagrams c, e, and i of 
Figure 5.6 and diagrams e and i of Figure 5.7 become dominant. 
Adding (5.87c), (5.87e) and (5.87i), we find 
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^2 
~ .g. 4. loir 1 
12 (- . (5.89) 
16*2 4 
Adding (5.88e) amd (5.88i), we find 
^  2  
[A^]^ = 2(1-2x^)2CAq-2B|^3 (5.90) 
16ir i 
= 0 . 
We have used the notation from Appendix B, with expansions 
(10.16) cind (10.21). From (5.85), we find that the Z-boson 
mass shift is 
^ 2 
= . (5.91) 
128ir 
This is potentially quite large. The 2-doublet model is 
significantly different from the minimal standard model. A 
heavy charged Higgs boson will give rise to a significant 
Higgs-dependent correction to the Z mass. 
If we take the heavy Higgs boson to be the H°, the 
important diagrauns are e and h of Figure 5.5, and c, d, and h 
of Figure 5.7. The dominant Higgs terms in the self-energies 
are 
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g2 
(- (5.92) 
and. 
16*2 4 
^ i^0-«223 
1 2 
^ (- . (5.93) 
16,2 Ï 
Then, by (5.85), the Higgs-dependent Z-hoson mass shift is 
[AMg]^ = 0 (5.94) 
to this order of the mass expansion. The mass shift has no 
strong Higgs dependence; the dominant terms are of order 
ln(M^2/M^2), as in the MSM. 
When or $2 is the heavy Higgs, the dominant diagrams 
are a, c, and f, or b, d, and g, respectively, of Figures 5.6 
and 5.7. The self-energy Higgs terms are 
g2 
|lV*®22^ '5.95' 
and 
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q. 2 
kAo-4B793 (5.96) 
" 16w i ^ 
From (5.85), the Higgs-dependence of the mass shift, to this 
order in the mass expansion, is again zero. 
We have found that for the 2-doublet model, the Z-boson 
mass shift has a strong dependence on the charged Higgs. The 
dependence on the neutral Higgs is weak, as in the MSM. The 
W-boson mass shift has only a weak dependence on any of the 
Higgs. This strong Higgs dependence is illustrated in Figure 
5.9. We have plotted the total Z mass shift as a function of 
M^, as Mpj = Mpj± gets large. The W mass shift and the MSM Z 
mass shift are shown for comparison. We see that as the Higgs 
mass gets large, its contribution gets large in magnitude, 
and, being negative, cancels the other contributions. The 2-
doublet model with a heavy charged Higgs may well be 
discernible from the MSM by an accurate measurement of the 
gauge-boson masses. 
We may also use the 1-variable method, as outlined in 
section A. Here, we take the Z mass as a measured quantity, 
along with Then, by (5.86), we see the same sort of 
effect. The W-boson mass shift shows a strong dependence on 
the mass of the charged Higgs: 
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Figure 5.9. Plot of total Z mass shift vs. charged-Higgs mass 
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"W'MH"'"»"' '5-97' 
128ir Mg -M^ 
as Mj^ = Mpj± gets larger than the gauge-boson and other Higgs 
masses. Here, Mg is the experimentally determined value for 
the Z mass, while is the lowest-order prediction for the W 
mass. In Figure 5.10, we plot the first-order-corrected 
vs. for various values of the charged-Higgs mass. The 
MSM values for are also shown. In Figure 5.11, we have 
chosen a value of as an example. We show the functional 
dependence of the W mass on the charged-Higgs mass for 
= 93.5 GeV. Accurate measurements of the M and Z mass 
will enable us to compare the 2-doublet model with the MSM, 
and possibly put bounds on the charged-Higgs mass. 
We note that the present experimental values for the W and 
Z masses from CERN have an accuracy of cibout ±3.0 GeV. In 
comparing to Figures 5.9-5.11, we see that this is too large 
of an uncertainty to discern between the models through the 
mass shifts. However, the accuracy of .1% to 1% which is 
expected in future accelerators will enable us to 
differentiate between models. 
In this analysis, we have taken the mass of one Higgs to 
be large- By using the appropriate expansion, one may take 
two or more Higgs' masses to be large. The Z mass shift is 
then a complicated function of the large masses. In this way. 
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Figure 5.10. Plot of W mass vs. for various values for 
the charged-Higgs mass in the 2-doublet model 
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Figure 5.11. Plot of W mass vs. the charged-Higgs mass for a 
selected value of in the 2-doublet model 
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the shift may gain a dependence on a neutral-Higgs mass. 
However, the shift is largest in the limit of the charged 
Higgs being more massive than the others. 
We may extend the procedure to include n Higgs doublets. 
The n-doublet model is presented in Chapter II. The n-doublet 
model has n neutral scalar Higgs n-1 neutral pseudoscalar 
0 + 
Higgs , and n-1 charged pairs Typical diagrams for 
the Higgs contributions to the W and Z self-energies are shown 
in Figures 5.12 and 5.13. The contributions to the M self-
energy, Figure 5.12, cam be found using the couplings of 
(2.57) and the integrals of Appendix A: 
g2 
(5.98a) 
-®22'"4 
g2 
diag b = —^ (ZZ T T.,.U U )C-B (M o2,M^±2,q2)3 
16T*i ij' ]K ] K ]i ] i "Pk "l 
(5.98b) 
g2 
diag c = (ZZ U U )C-B (M^o2,M^±2,q2)3 
16* i gj' ] K 1 "jc "l 
(5.98c) 
diaa d = (5.98d) 
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Figure 5.12. Higgs-dependent contributions to the W self-
energy in the n-doublet model 
164 
z 
(a) 
H,. 
/ \ 
vvwi /WW 
"k 
(c) 
wwi AA/w 
x° 
(b) 
V /' 
A/vOwww 
(d) 
0 
() (-) 
/WVVVW\ /VVVVVW\ 
Hk "k 
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Figure 5.13. Higgs-dependent contributions to the Z self-
energy in the n-doublet model 
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9 1 2 
diacr e = T-CTAft(M„o^ )3 (5.98e) 
16w*i ^ ° 
diag f = 3-CxAn(M„±^ )] . (5.98f) 
ISir^i ^ " "k 
The contributions to the Z self-energy. Figure 5.12, are 
g  2  
^  °  k '  : - M z '  . 9 ^ )  
(5.99a) 
.2 „ 2 _2, 
-22-"<t>: 
,q )3 
g 2 
diag b = 1- (ZZ T.tT.,,.V.,V.,,)C-B--(M.0^,MH0^,q^)3 
16**i jj' ]K ] k ]i ] 1 ^1 
(5.99b) 
g 2 
diag c = 1- ( 1-2X5,)^C-B-,(tl.±^,Mu±^,q^)D (5.99c) 
16**i " "k "k 
q. 2 
diag d = CxAn(M.o^)3 (5.99d) 
ISir^i ^ ° ""k 
diacr e = -^^T-[^A.(MyO^ )] (5.99e) 
16ir^i ^ " "k 
g2 
diacr f = T-(l-2Xs,)^ciAn(Mu±^ )] (5.99f) 
16**i " ^ " "k 
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For the limit that for a fixed k, is much heavier 
than the gauge bosons and other Higgs, diagrams b, c, and f of 
Figure 5.12 and diagrams c and f of Figure 5.13 become 
important. We remember to sum the index 1 to include all the 
diagrams. Using the unitarity of the rotation matrices T, U, 
and V to add (5.98b), (5.98c), and (5.98f), we find 
g2 
= —ÎT |tAo-«223 
16ir 1 
(- in^) (5.100) 
" 16*2 4 
Adding (5.99c) and (5.99f), we find 
g 2 
i' loir 1 
= 0 . 
This gives a mass shift 
g 2 
as in the 2-doublet model. 
We can also take one of the neutrals to be heavy. For 
the relevant diagrams are a, b, and d of Figures 5.12 and 
5.13. For the relevant diagrams are c and e of Figure 
5.12 cind b and e of Ficrure 5.12. In both cases, we find 
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H 
(5.103) 
and 
(5.104) 
and hence, by (5.85), the mass shift is zero. 
In summary, the n-doublet model is similar to the 2-
doublet model. The Z mass shift has a strong dependence on 
the charged Higgs but only a weak dependence on the neutral 
Higgs. 
F. Mass Shifts in the Triplet and Doublet-Triplet Models 
Next, we consider the triplet and doublet-triplet models 
of section E of (Hiapter 2. The triplet models are not 
realistic because they do not have p s 1. The doublet-triplet 
models can have p - 1 provided v > > k , where v and k are the 
doublet and triplet vevs, respectively. 
The (2,1)-triplet has three physical Higgs - a doubly-
charged pair S~~ and a neutral S°. The corresponding 
contributions to the gauge-boson self-energies are given in 
Figures 5.14 and 5.15. Using the coupling constants from 
(2.63) and the integrals of Appendix A, we can evaluate these 
diagrams. The Higgs-dependent terms of A^, Figure 5.14, are 
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w* w-
<a) (b) 
S" S° 
(1 
/wOww\ o A/V^^A/WY 
(c) (d) 
Figure 5.14. Higgs-dependent contributions to the W self-
energy in the (2,1)-triplet model 
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Figure 5.15. Higgs-dependent contributions to the Z self-
energy in the (2,1)-triplet model 
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g2 
lia? » = —c 
loir 1 
(5.105a) 
g2 
f = -7-4- .q^ ) -B22 (MgO^ .q^ ) 3 
loir 1 
(5.105b) 
2 
16*^1 
9 
diag c = ^ ag(Mg±±^) (5.105c) 
1 3 diag d = 3- $A.(M_o'^) . (5.105d) 
16,*i ^ ^ 
The Z self-energy contributions. Figure 5.14, are 
g. 2 
diag a = 4(l-2Zpq)^[-B22(Mg±±^,Mg±±^,q^)] (5.106a) 
16t i 
g 2 
diag i = -V &o'Ms° X ?-B22(Ms° ""z 
16ir 1 
(5.106b) 
3 9 
diag c = —^ 2(l-2%H)^n(MR±± ) (5.106c) 
16,*i w u ô 
9 diag d = —^ A-(M-o^) . (5.106d) 
16**i " ^ 
For S~~ much heavier than the gauge bosons, the relevant 
diagrams are a and c of Figures 5.14 and 5.15. The 
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contributions to the self-energy are then 
CA 3„ = 3- (5.107) 
" 16ff i " 
and 
CA^D„ = 2{1-2Xj,)^CAq-2B223 . (5.108) 
" 16*"i 
giving 
^ • '5-1091 
Thus, the mass shift has a strong dependence on the doubly-
charged Higgs. 
For the neutral Higgs, the important diagrams are b and d 
of Figures 5.14 and 5.15. The contributions are 
CA"3„ = . kAr,-4B-_3 (5.110) 
" 16ir^i ^ 0 22 
and 
q. 2 
CA^3„ = [An-4B__] . (5.111) 
" 16ir^i 
giving 
q. 2 
2 • (5.112) 
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Unlike the doublet models, there is a strong dependence on the 
neutral Higgs also. Note that the sign of the shift 
contribution is positive, the opposite of that for the charged 
particles. 
A more realistic model is the doublet—(1,2)-triplet model. 
It has seven physical Higgs - a doubly-charged pair S~~, a 
charged pair H~, and three neutrals 0°, S°, and H°. The 
relevant diagrams are given in Figures 5.16 and 5.17. From 
the Lagrangian (2.69) , we find the Higgs-dependent 
H 
contributions to A , Figure 5.16, are 
g2 2k^ 
16'^ 1 M» 
" (5.113a) 
g2 1^2 
" (5.113b) 
2 2 
16ir 1 M--
^ (5.113c) 
9^ 2K2 2 2 2 
(11^9 d ^ ;2;;;^-B22(%° '9^'] (5.113d) 
CT^ 2(V^+2K^) _ - _ 
diacr e = r = =—C-B-^(M„o^,îl,±^,q^)3 (5.113e) 
le/i v2+4K2 22 H H 
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(e) 
H-
^/WVWI ^AAA/W 
5° 
(f ) 
S-- h; 0° Q —Q— ^ 'v\r)Ww\ 
H"" Z 
(a) (h) (i) 
S° H° H- S--
C^ ) V ) 
/WOV^A/NA /VV^>»^/W\ /W0>SVW\ 
(I) (k) (1) (m) 
Figure 5.16. Higgs-dependent contributions to the W self-
energy in the doublet—(1,2)-triplet model 
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X jf C"" 
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Figure 5.17. Higgs-dependent contributions to the Z self-
energy in the doublet—(1,2)-triplet model 
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? 2v 2 2 2 
diacr f = ? = ,M„± ,q )3 (5.113f) 
16n*i vZ+2K^ ^ 
9^ 4v2 2 2 2 
diacr g = r = :rC-B-,(M.±±'^,M„±'',q'')3 (5.113?) 
16**i v^+2k^ ^ ^ 
2 2 2 
.2 
(S.llBh) 
9 1 2 
diag i = 3- (S.llSi) 
16l^i * " • 
1 3 diag j = 2- iA.(M«o^) (5.113]) 
16t i ^ ^ 
V^+2K^ -
diacr k  = 7 = =-An(M..o^) (5.113k) 
16ir 1 2(v +4k ) 
cr^ 2V^+K^ 2 
(M»+^) (5.1131) 
9 2 diacr m = %— A-(M_±± ) . (5.113m) 
16w*i ° ^ 
The vevs v and k can be written in terms of the masses; we 
leave them in for convenience. The Z self-energy 
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contributions. Figure 5.17, are 
g 2 4K2 
loiT 1 M— 
^ (5.114a) 
2, 
<11^ 9 ^  " li^ T^ ;72^ "Z ®0^ "(|)° '"z '9 >3 
"z (5.114b) 
9Z 4K^ 2 2 2 
diag c = —^ 9 ^-B„(M.o TM^o fq T3 (5.114c) 
16* i v^+4k^ " 
diag d = —^7 = :^-B_^(M_o ?q ?3 (5.114d) 
16**i v'^+4k^ ^ " 
9Z 
diag e = 3— 4 
16**i 
^ ' 2K^ 
,2+4x2 ^  
C-B22(MH±^'Mjj±^,q^)3 (5.114e) 
diacr f = 4(l-2z«)(M.ii^'M_±±^,q^)] (5.114f) 
16ir^i ^ ^ 
KV 
(5.114?) 
lAo'M .2, 
Xbir 1 
(5.11411) 
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2 diag i = —^ A.(MrO^) (5.1141) 
16ir^i " ^ 
?2^ 2 diag j = —^ = =—AotM^o^) (5.114]) 
16? i (v^+4K^) 
g^ K^(l-2x_)^+2]C»v^ _ 
diag k = —^ , ^ A>(^± ) (5.114k) 
16**1 v^+2K^ ° ^  
g 2 
diag 1 = (l-2x„)^A-(M_±±^) . (5.1141) 
16T*i 
For S~~ much heavier than the gauge bosons and other 
Higgs, we have contributions from diagrams a, g, and m of 
Figure 5.16 and diagrams f and 1 of figure 5.17. Adding 
these, the contributions to the self-energies are 
CA% = T- [A.-4B__] (5.115) 
" 16**1 ° 
and 
^ 2 
[A^]^ = (1-2Xj,)^CAq-4B223 , (5.116) 
16? i 
giving 
q. 2 
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For H" much heavier than the other Higgs and the gauge 
bosons, the dominant contributions come from diagrams d, e, f, 
g, h, and 1 of Figure 5.16 and diagrams e, g, and k of Figure 
5.17. Adding, we find 
M 9^ 2V^+K^ -
CA'^D„ = T = (5.118) 
" 16**i v^+2K^ ° 
and 
loir i V +2K (V +2K ) 
(5.119) 
giving 
2(T^+K^)^ 2 2 ^ »2'«h'V' • ' = 
For H° much heavier, the dominant contributions are from 
diagrams e and k of Figure 5.15 and c, d, and j of Figure 
5.17. The contributions to the self-energies are 
H 9^ V^+2K^ 
and 
Z V^+K^ 
' lik ' 
giving 
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«2^ 2 2 
For the (j)° neutral, the relevant diagrams are b, d, and i 
of Figure 5.16 and b, c, and h of Figure 5.17. Adding these 
contributions, we find 
g2 
^ 5=^0-^^22^ • '5-124' 
and 
g 2 
. '5.1251 
giving 
= 0 . (5.126) 
For the Higgs, which came from the Higgs doublet, there is 
no shift contribution (as in the MSM). 
For the S° neutral heavy, the dominant contributions are 
from diagrams c, f, and j of Figure 5.16 and diagrams a, d, 
and i of Figure 5.17. Adding, we find 
^2 
= —T 5"O-4®22^ '5-127' 
16? 1 
and 
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q. 2 
CA^3„ = [An-4B__] , (5.128) 
" 16,*i ° 
giving 
^ 2 
[AMg]^ = + —^ Vi^kVi^/Vi^) (5.129) 
There is, as in the triplet model, a shift contribution from 
the S° Higgs. 
In general, the actual physical mass eigenstates will be 
combinations of and S°. Then, we will have shift 
contributions from both neutrals. However, in a realistic 
model with v >> K, the mixing between the states tends to be 
suppressed, eind the states are approximately mass eigenstates. 
In addition, if we require that the couplings of each neutral 
to the fermions be of the same order, then 0° is much heavier 
than S°. The ratio of the mass to the S° mass will be of 
the order V/K. Given the upper bounds on the Higgs masses, we 
do not expect the S° mass to be more than a few times the W 
and Z masses. In this scenario, we do not expect the neutrals 
to give a major effect on the mass shifts. 
We may also calculate the mass shift in the 1-variable 
method, by use of eq. (5.86). Using and A^ from (5.115) 
and (5.116), we find that for S~" much heavier chan the 
others. 
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2 M 2 
^ ^ VWl. (5.130) 
Likewise, for H~ heavy 
2 ZtyZ+xZ): 2 2 
for H° heavy 
and for S° heavy 
gZ "h^ 
^ 2„ 2 V"H '"W ' • '5.1331 
16* 2Mj, -Mg 
For heavy, as in the minimal model, there is no strong 
dependence on the mass. 
We may also consider the (1,0)-triplet model. It has one 
physical Higgs, the S°. This Higgs does not directly couple 
to the Z boson. However, it does have contributions to the W 
self-energy, as shown in Figure 5.18. These contributions are 
calculated to be 
g2 
dia, a = — 
loir 1 
(5.134a) 
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X 
W" 
(a) (b) 
Figure 5.18. Higgs-dependent contributions to the W self-
energy in the (1,0)-triplet model 
and 
9^ 2 
dia? b = T- Art(M-o'') (5.134b) 
16t i " ^ 
As the Higgs mass gets larger thain the gauge-boson masses, we 
find 
w CA = T- CAn-4B^,3 (5.135) 
" 16,*i " 
and 
[A^]y = 0 , (5.136) 
giving 
(5.137) 
183 
The mass shift does have a strong dependence on the Higgs 
boson mass in this model. 
Finally, we consider the doublet—(1,0)-triplet model. The 
physical Higgs particles are H~, and S°. The relevant 
diagrams are shown in Figures 5.19 and 5.20. The 
W 
contributions to A , Figure 5.19, are 
^2 
diag a = —^ 
16ir i 
{5.138a) 
diag b = 4- 4s^CMjj%(Mso2,Mjj^,q2)-B22(M5o2,Mj,^,q2)3 
16ir i 
(5.138b) 
g2 
diag c = 3- s^C-B-,(M.o^,M„±^,q^)3 (5.138c) 
16ir^i 22 (D -H 
diag d = 3- 4c^[-B__(M_0^.M ,q^)3 (5.138d) 
16?*i ^ ^ 
_ 2 ^2^2» 2 
s c wm ^ 9 9 9 9 9 9 
loir 1 My 
(5.138e) 
9" 1 2 diag f = T- jAn(M.o^) (5.138f) 
IGir^i ^ " <P 
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Figure 5.19. Higgs-dependent contributions to the W self-
energy in the doublet—(1,0)-triplet model 
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Figure 5.20. Higgs-dependent contributions to the Z self-
energy in the doublet—(1,0)-triplet model 
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diag g = j- ) (5.138g) 
16**i " ^ 
„2 
9 1 2 2 
diag h = 3- . (5.138h) 
16**1  ^  ^
The Z self-energy contributions. Figure 5.20, are 
g 2 
(5.139a) 
g 2 
diag b = —^ (c^+l-2z^)^[-B2 (M^±^,M^±^,q^)] (5.139b) 
g. 2 
diag c = 2sVcMj,^BQ(Mj^±^,Mj,2,q^)-B22(MH±^.M5,2.q^>3 
16? i 
(5.139c) 
g 2 
diag d = iAn(M.o^) (5.139d) 
16*"i * ° * 
g 2 
diag e = ^(l+c^)A_(M»±^) . (5.139e) 
16,*i " 
As the charged Higgs mass gets larger than the gauge boson 
and other Higgs masses, the dominant diagrams are c, d, e, and 
h of Figure 5.19 and b, c, and e of Figure 5.20. The 
contributions to the gauge-boson self-energies are 
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W 9 1 2 
CA"3J^ = 5- |(1+C^)CAQ-4B223 (5.140) 
and 
g 2 
loir 1 
(5.141) 
giving 
.  4 . . .  2  . . .  2 ,  
^(1+c )Mg(M^ /Mg ) (5.142) 
For the limit getting heavy, the relevant diagrams are 
a, c, and f of Figure 5.19 and a and d of Figure 5.20. The 
contributions are 
g2 
CA"3„ = . kAo-4B„3 (5.143) 
" 16w i ^ 
cind 
g. 2 
= 7^ icAo-aB;;] , (5.144) 
giving 
[AMg]^ = 0 . (5.145) 
As in the MSM, there is no strong contribution from the 
For the case of S° much heavier than the other bosons, we 
have diagrams b, d, and g of Figure 5.19. Adding, we have 
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K 
zari^ = —a- [A.-iB--] . (5.146) 
" 16* i " 
The S® does not interact with the 2, and there are no 
2 
contributions to A . Then, 
• '5-147' 
b4ir 
We can also find the M mass shift in the 1-variable case 
for the doublet—(1,0)-triplet model, by use of eq. (5.86). 
For the case where H~ is much heavier than the other Higgs and 
the gauge bosons, then, by eqs. (5.140) and (5.141), 
g 2 J. 2 
"w'"H'V' • 'S-14S, 
For S° much heavier, eqs. (5.145) and (5.146) give 
9 ^ 2 2 
' + 772 2 „ 2 «W'"H '«W ' • <5.149) 
64ir 2Mjj -Mg 
As in the MSM, the mass shift does not have a strong 
dependence on the mass of the . 
We have found that, unlike the minimal model, models with 
extended Higgs sectors have potentially dominant Higgs-
dependent terms for the Z-boson mass shift in the 2-variable 
case, or for the W-boson mass shift in the 1-variable case. 
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VI. CONCLUSIONS 
A proposed physical theory can be made meaningful only 
when it is compared to experiment. In this way, the 
parameters can be determined and the theory becomes realistic 
in its ability to make predictions. Of particular interest in 
a gauge-theory description of electroweak interactions are the 
gauge-boson masses. Low-energy data can be used to give 
predictions for these masses. As we calculate processes by 
use of perturbation theory, we get different predictions for 
the masses depending upon to what order we make the 
calculations. The difference in the mass predictions between 
the tree-level and higher-order radiative calculations is 
known as the mass shift. Comparison of the corrected mass and 
the measured physical mass offers a test of the higher-order 
corrections of the theory, verifying the theory as a 
physically relevant quantum theory. 
We choose to use the on-shell renormalization scheme to 
enable us to calculate radiative corrections. This scheme 
makes sense in that the parameters are physical quantities. 
Thus, they may directly be compared to experimental 
measurements. Appropriate counter terms render higher-order 
corrections finite. 
The processes of muon decay and ev (ev) elastic scattering 
are used as the input data. One-loop corrected 
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expressions for these processes can be derived, and the gauge-
boson masses and can then be predicted. Unfortunately, 
this method suffers in that the neutrino elastic scattering 
data lacks the accuracy needed for comparison to radiative 
corrections. An alternative scheme is to take muon decay, 
which has been accurately measured, and the 2 mass as input 
data. While part of the test of the theory is sacrificed, 
this method will become preferred as the mass of the Z becomes 
known accurately. 
The mass shifts for the W and Z are expected to be 
significant. In the minimal standard model with a single 
Higgs doublet, the mass shift is on the order of 4%. This 
shift is almost entirely due to light-fermion loops in the 
gauge-boson self-energies. The Higgs-boson dependent terms 
2 2 
are on the order of ln(Mpj /M ), where M is the mass of the W 
or Z, î^ich is small even if the Higgs boson is heavy. Thus, 
little can be learned aibout the Higgs sector from the mass 
shifts for the minimal model. 
We have found, however, the situation is quite different 
for models with more complex Higgs structures. In the 2 -
doublet model, the Z mass shift shows a strong dependence on 
the charged Higgs boson. The Higgs contribution is negative 
and of order , in the limit that the mass of the 
charged Higgs is large. This contribution becomes important. 
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and may even cancel the light-fermion contributions. Such a 
large contribution should be noticeable. On the other hand, 
the W mass shift exhibits a only a weak dependence on the 
charged Higgs, of the same order as in the minimal model. In 
addition, both mass shifts have only a weak dependence on the 
neutral Higgs particles, and it will be difficult to learn 
cunything about the neutral Higgs in this manner. 
When the measured Z mass is used as input, along with muon 
decay, to determine the parameters of the theory, we have the 
same type of effect. The W mass shift has a strong dependence 
on the charged Higgs. Again, a heavy Higgs will result in a 
smaller mass shift. An accurate measurement of the Z mass 
will be able to predict the W mass shift to good accuracy, and 
comparison to the measured W mass will allow us to gain 
information on the charged-Higgs structure. The contributions 
from the neutral Higgs are again small. These results hold 
for the general n-doublet model as well. 
For models with a triplet Higgs representation, the same 
sort of behavior is exhibited. The Z mass shift has a strong 
dependence on both doubly-charged (if present) and singly-
charged Higgs. In addition, there is also a strong dependence 
on the neutral Higgs, although this tends to be suppressed in 
realistic models. The M mass shift has no such dependence on 
the Higgs masses. As in the 2-doublet model, when the Z mass 
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is used as input, the W mass shift exhibits the same sort of 
dependence. 
Thus, we see that accurate measurements of the W and Z 
masses will shed light on the character of the Higgs sector. 
The determination of the mass shifts may put strong limits on 
Higgs masses in extended models. We look forward to the next 
few years as a chance to differentiate between the minimal and 
extended models, and gain information about the Higgs sector. 
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IX. APPENDIX A: ONE-LOOP FEYNMAN DIAGRAMS 
We present the evaluation of the one-loop diagrams which 
occur in the gauge-boson self-energies of Chapter V. We use 
the Feynman rules of Chapter II and the dimensional 
regularization technique of Chapter III. 
In the dimensional regularization procedure, we introduce 
the dimension n. We define 
E = |(n-4) . (9.1) 
The ultraviolet divergences manifest themselves as poles at 
E=0. We express the ultraviolet divergent part as 
A = ~ — "Y + ln(4ir) . (9-2) 
For the convergent parts, we take the limit n 4 at the 
onset. 
The types of diagrams we need in finding the Higgs 
contributions to the gauge-boson self-energies are shown in 
Figure 9.1. In finding the two-point functions, we use the 
convention of Figure 9.2. Here, k is the loop momentum, q is 
m. m. m 
,^ -N /wwt L/vwvA A/wwV ywvw» I / 
™2 
(a) (b) (c) 
Figure 9.1. Typical Higgs-dependent diagrams involved in the 
gauge-boson self-energy calculation 
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5 
(a) (b) 
Figure 9.2. Conventions used in evaluating the two-point 
functions 
the external momentum, and m^, and m are the masses of the 
particles of the internal lines. 
All of the diagrams we need are of one of these three 
types; the diagrams differ only in the couplings. For the 
diagram involving the gauge-boson-4iiggs-bos on couplings, 
diagram a of Figure 9.1, the contribution to the self-energy 
is 
diacr a <* 
d\ -g +(k-q) (Ic-q) /m^ 1 
 ^ —SL. E—2  ^ (9.3) 
{2ir)^i (k-qi^-mg^ 
2 2 2, ^ 2 _ 2 _2 j-CBo^mi ,q ) ^ 2^22^™1 '®2 
(9.4) 
(2ir) i m.2 
+ terms . 
Diagram b, involving the Higgs-Higgs derivative couplings, 
gives a contribution 
diacr b 
d'^k ( (k-q)-(-k) )„ ((q-k)-k)e 
^ (9.5) 
(2ir)'^i (k-q)^-m2^ k^-m^^ 
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-4 
• (9-6) 
(2ir) i 
Diagram c, involving the quartic Higgs coupling, has 
contribution 
diag c « '^ aB 
(2ir)^i 
2 
(9.7) 
Me have introduced the functions 
B.(mT^,m_2,q^) = fd^k ^^ , (9.9) 
" ^ (k-q)^-m2 
2.™ 2 .2, = M^v—Vi, B_ ^(mu ,m ,q ) = ;d k ^ - -
^ ^ ^ (k-q)^-®^ 
=  B 2 1  ( , q ^ ) q % q g +  8 2 2 ( ^ 1  ' ^ 2  ( 9 . 1 0 )  
and 
Ao(m^) = ;d^k-=—= . (9.11) 
k -m 
We use the Feynman identity (3.6): 
1 1 
_ _ _ ^ = /^dxlK (k-q)^-m,'^)x+(k^-niT ) (l-z)D 
(k-q)^-m2 k^-m^Z ° 
2 — 2 \„ j^ , , ,2  _  2 \ fT ^^^-2  
(9.12) 
= /Jdxf:k^-2k.p-Q^D~^ 
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where 
P« = ' 
= -q^x+m2^z+m^^(1-z) 
We define 
D = pf+gZ = m^^(l-x)+m2^x-q^x(l-x) . (9.13) 
Then, 
Bq = /d^k ;Jdx [k2-2k.p-Q2]-2 (9.14) 
= iir^;Jdxf^D"^ , (9.15) 
where we have used (3.8). We expand (9.15) about the pole 
e = 0, emd find 
Bq = iA-iir^;Jdxln(D) . (9.16) 
Likewise 
B2*9 = fd^k /Jdx k'*k^Ck^-2k.p-Q^3"^ (9.17) 
= iTr^/JdxC-|r(e-l)D~'^"^^g**^+r(e)D"^q**q^D (9.18) 
= C^i(A+ir^) ;JdxD - ^ iir^/JdxDln(D)+ q**q^ terms. 
(9.19) 
We introduce the notation 
F_(m, ^ ,q^) = /^dx x" InCm, ^( l-x)+in^^x-q^z( 1-x) 3 
n i z  0  1  z .  
(9.20) 
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Then, we have 
= iA-iir^FQ(m^^ ,m2^ ,q^ ) , (9.21) 
cLnd 
^ 2 2 ^ ™ ! ^ =  i (  A + i r ^ )  ^  -  y ^ ^ )  
- |iir^Cm^^FQ(m^^,m2^,q^) (9.22) 
+ ( m^-vn^-c^ ) F^ ( ,m2^, q^ ) +q^F2 ( , q^ ) 3 . 
Note that the functions F^ are symmetric in the first two 
arguments. The integrals in the F^ functions can be done 
explicitly; however, the results are functions which are 
highly singular in various limits. Hence, it is more 
convenient to derive various expansions for the F^. We will 
give some of these expansions in Appendix B. 
Finally, we evaluate the function from (9.11). Using 
(3.11), we find 
2 4 1 
Ao(m ) = fd*k -=—2 
" \r-Bi 
= -iir^r(e-l) (m^)"^^"^^ (9.23) 
= im^A+iir^Cm^-m^ln(m^)3 . (9.24) 
Thus, the Feynman diagrams of Figure 9.1 are given by (9.4), 
(9.6), and (9.8), respectively, with functions defined in 
(9-22) and (9.24). 
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X. APPENDIX B: l/wf EXPANSIONS FOR FEYNMAN AMPLITUDES 
As seen in Appendix A, evaluation of the Feynman diagrams 
for the gauge-boson self-energies gives us the functions 
= iA-iv^F^Cm^^^m^^^q^) , (10.1) 
, ( l )  = i(A+ir^)(|m3^^ + - ^ ^) 
- |iir^Cm3^^FQ(m3^^,m2^,q^) (10.2) 
+ ( -q^ ) Fj^ ( m^^ ,m2^, q^ ) H-q^F^ ( m^^, m2^, q^ ) 3, 
where 
F^(mi^.m2^,q^) = /Jdx x'^ln(D) , 
(10.3) 
D = m^^(l-x)+m2^x-q^x(l-x) . 
We are interested in the expansions of the functions as 
2 2 
m^ >> m^ , q2. Letting M represent the large mass 
(corresponding to a Higgs-boson mass) and m the small mass 
(corresponding to a gauge-boson or other Higgs mass), we can 
expand: 
D = M^(l-x)+m^x-q^x(l-x) 
= CM^(l-x)+m^x3(l+f) , (10.4) 
where 
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-q^x(1-x) 
f = —= =- . (10.5) 
MrXl-z)+mx 
We then expand ln(D) in powers of f. The expansion is 
uniformly convergent; we Ccin integrate term-by-term: 
/^dx x"ln(D) = ;J;dx x'^ln[M^(l-x)+m^x] + fj-dx x" 
° ° ° M2(l-x)+m2x 
+ ;J;dx x" ^ + ... (10.6) 
2CM (l-x)+m x3 
Explicitly, we find 
FQ(M^,m^,q^) = In(M^) - 1 - •^|q^+m^ln(m^/M^) • , (10.7) 
F^(M^,m^,q^) = |ln(M^) - | - ^ |q^+^^+m^ln(m^/M^)3 , 
" (10.8) 
FgUMf/mfrqZ) = ^ln(M^) - ^  - •^c|q^+|m^+m^ln(m^/M^)3 , 
^ (10.9) 
2 2 2 2 dropping terms of order m /M , q /M , and smaller. We may use 
these expansions in the B functions. From (Chapter V, we see 
2 that we are interested in combinations of m Bq and 622» 
2 2 Dropping terms of order m , q , and smaller, we have 
m^BQ(M^,m^.q^) = iir^m^ln(M^) (10.10) 
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(10.11) 
+ I m^ln(M^) + ^ ^ln(M^) . 
We also have 
Aq(M^) = iM^A+iA^-iA^ln(M^) (10.12) 
from Appendix A. We look at combinations which occur in 
Chapter V: 
m^BQ(M^,m^,0) - B22(M^,m^,0) + |AQ(M^) 
= - |iir^M^ + |iA^ln(M^) , (10.13) 
itt^BQ(M^,m^,m^) - B22(M^,m^) + |AQ(M^) 
= - + |iirVln(M^) . (10.14) 
In working with extended models, we will only keep terms of 
2 2 2 2 
order M . In this limit, the cases q = 0 and q = m are the 
same. In addition, we get no contribution from BQ. Using the 
notation 
B-_ = lim B__(M^,m^,q^) , (10.15) 
M>>m,q 
we have 
K - ®22 = - • '10-16' 
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2 2 2 
The other scenario we have is when ~ ®2 >> 9 - Then, 
we expand 
D = M^-q^x(l-x) , (10.17) 
giving 
= ^ln(M^) (10.18) 
2 to order M . Then, 
B22(M^,M^,q^) = ^iM^A + ^ iirV - •|iA^ln(M^) , (10.19) 
and, defining 
= lim B__(M^,M^,q^) , (10.20) 
M>>q 
we have 
®22 " i^O ^ ° (to order M^) . (10.21) 
2 Finallyr we note that, since the leading term in q is of 
2 ? 
order q , the first derivative with respect to q~ is zero, to 
this order: 
®22 ° • <10-22' 
These are the expansions necessary to find the mass shift 
contributions when a Higgs mass is much larger than the gauge-
boson masses. 
